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ABSTRACT 
The examination of the bundle of His activity by plac­
ing an electrode in the vicinity of the conduction pathway 
by means of heart catheterization has a significant role in 
the diagnosis and prognosis of cardiovascular conduction 
disorders. Several recent reports have indicated a feasi­
bility for the use of the noninvasive procedure for the 
examination of atrioventricular conduction activity. This 
paper discusses the theoretical aspects and the limitations 
of the noninvasive method for examining the bundle of His 
activity. 
Prior to the system analysis described in this paper, 
the bundle of His activity, as represented by the H complex 
of the His bundle electrogram, was modeled. The calculated 
waveforms had a good agreement with those which were actu­
ally obtained by a catheter electrode. In the calculations 
which pertained to the H complex, the size of the ring elec­
trode on the catheter, the nonlinear velocity of the depolar­
ization wavefront, and the effect of the bandpass filter 
were also considered. 
The practical ensemble averaging was analyzed and eng)ha-
sized the variation of the period between the synchronization 
point and the waveform that was to be averaged. It was 
revealed that, if the synchronization point was fluctuating 
with a Gaussian distribution with the standard deviation of 
V 
±1.0 msec, the frequency component of more than 400 Hz is 
virtually unrecognizable after ensemble averaging. In order 
to inçrove the resolution of the higher frequency conçonents, 
an adjusted averaging system was developed. In this approach 
the interval to be averaged was adjusted by a noninvasively 
obtainable signal. 
It was concluded that the noninvasive approach to the 
examination of the His-Purkinje system is closely coup arable 
to the conventional catheter technique if careful considera­
tion is given to the frequency range of the data acquisition 
system. 
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I. INTRODUCTION 
A. Cardiac Conduction System 
The propagation of information through the cardiac con­
duction system is entirely electrical, involves no chemical 
transmission similar to that found at the myoneural junc­
tions or at the central synapses/ Cardiac activity is norm­
ally initiated in the sino atrial (SA) node. The cell mem­
brane of the primitive cell (P-cell) of the SA node has a 
very unstable permeability in comparison to other cardiac 
cells. The electrical impulses originate in the SA node 
and travel via three major intemodal preferential tracts 
(Bachmann, Wenckebach and Thorel) toward the atrioventricu­
lar (AV) node. These impulses normally arrive at the AV 
node prior to the completion of depolarization of all the 
atrial myocardium. The impulse after arrival at the AV 
node continues within the AV node decrementally to the bun­
dle of His which is in direct continuity with the distal 
end of the AV node. Under normal conditions this region is 
the only electrical pathway between the atrium and the ven­
tricle; although there are some bypass fibers (bundle of 
Kent for example) in which impulses can travel to the His-
Purkinje system, they are anatomically and functionally 
negligible. Other parts of the heart between the atria 
and the ventricles consist of fibrous tissue which has a 
comparatively high electrical resistance. The electrical 
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impulses which penetrated the fibrous layer are not of a 
magnitude to elicit depolarization in the adjacent muscle 
fibers of the ventricles. The conduction velocity of the 
induise becomes extremely slow in the proximal area of the 
AV node. This decremental conduction provides mechanical 
coordination of the atria and the ventricles which enables 
them to pump efficiently. 
The common bundle of His leaves the AV node and ramifies 
into two major branches, the right and left bundle branches. 
The left bundle branch divides into two major fascicles, 
anterosuperior and posteroinferior fascicles. The impulses 
are conducted through the bundle of His and the bundle 
branches into the ramifications of the Purkinje system. The 
impulse spreads out through the endocardium and finally to 
the epicardium. Coincident with the travel of the impulse 
from the SA node to the ramification of Purkinje system, the 
impulse elicits depolarization and contraction of the cardiac 
muscle fibers except when it passes through the AV nodal 
region and the proximal part of the His-Purkinje system. 
This period falls between the end of P wave and the onset of 
Q wave on the electrocardiogram (ECG) and is rather electri­
cally quiescent; although the depolarization of a part of 
the atrial muscle fibers continues during this quiescent per­
iod. It is one of the reasons why the electrical activity 
in the P-Q segment is able to be observed by an electrode 
catheter without being disturbed by the strong electrical 
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activities of the cardiac muscle fibers. This will be dis­
cussed in more detail in Chapter II. 
B. Disorders of Conduction System 
Numerous cardiac disorders arise within the cardiac 
conduction system. Prolonged sinus tachycardia, bradycardia 
or arrhythmia is generally due to the abnormality of SA node 
per se. The blockade in the His-Purkinje system, distal to 
the bundle of His, creates intraventricular conduction abnor­
malities, which are classified into two major defects, right 
and left bundle branch blocks. These blocks cause prominent 
changes in the shape of the waveforms recorded from the 
chest lead of the electrocardiogram. The left bundle branch 
block (LBBB) is further subdivided into two types, antero-
superior (LAH) and posteroinferior (LPH) fascicular blocks, 
which are so-called hemiblocks. The differentiation of 
hemiblocks from the electrocardiogram may largely depend on 
the observation of a deviation in the electrical axis of 
the QRS complex. The blockade of electrical impulses in 
those pathways does not necessarily prevent depolarization 
of cardiac muscle fibers which are normally governed by the 
fascicles. The impulse can bypass the adjacent muscle 
fibers but usually at a slower speed. The blockade in the 
Purkinje system is usually unidirectional. This unidirec­
tional blockade prevents conduction in a normal fashion 
along the pathway but can accept retrograde conduction of 
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the impulse. If the refractory period of the Purkinje fiber 
permits, this condition causes ectopic beats, seen as bigem-
iny on the electrocardiogram. The blockade in the His-
Purkinje system generally occurs because of a myocardial 
infarction large or small which is surrounded by many ische­
mic cells. The mechanical pump mechanism may no longer be 
efficient, and is complicated by the conduction disorder. 
Although the activity is bizarre with a bundle branch block, 
ventricular activity still maintains some synchronous func­
tion with atrial activity. 
This synchronization between the atria and ventricles 
could be vigorously disturbed if disorders occur in the 
atrioventricular junctional region, AV node and common bun­
dle of His, since the segment is the only bridge between the 
atrium and ventricles. The region lying immediately proxi­
mal to the AV node, composed of very fine muscle fibers 
interspersed with connective tissue, is the most susceptible 
to conduction block. This pathway manifests the lowest 
safety factor and slowest conduction velocity in the entire 
atrioventricular conduction system. The commonly known 
"heart block" is due to disorders originating in this region. 
A first degree AV block is characterized by abnormally 
prolonged atrioventricular conduction, as shown by the P-Q 
segment on the electrocardiogram. This phenomenon can be 
experimentally produced in a normal conduction system by 
progressively increasing the heart rate. Clinical disorders 
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occur with abnormal prolongation even with slow sinus 
rhythms. A second degree heart block is classified into 
two types, Mobitz type I (Wenckebach) and type II. A fail­
ure of atrioventricular conduction is observed once in a few 
cycles of sinus rhythm in the second degree heart blocks. 
The Wenckebach type block indicates a single failure of AV 
conduction followed by several progressively prolonged P-Q 
intervals on the electrocardiogram. R-P intervals tend to 
be inversely proportional to the prolonged P-R intervals. 
Mobitz type II does not manifest any progressive delay in 
the intervals but an AV conduction failure suddenly occurs 
after several complete cardiac cycles. A third degree heart 
block is a complete atrioventricular dissociation. No 
impulse is propagated from the atrium to the ventricle. 
Both the atrial and ventricular cardiac rhythms are independ­
ent and usually regular. The ventricular rate is normally 
much slower than that of atrium. It is clinically called 
AV dissociation if the ventricular rate is faster than that 
of atrium thus differentiating it from a typical third 
degree block. In any occurrence of heart block, the deter­
mination of the site of the block is extremely inçortant to 
the diagnosis and prognosis of the disorder; however, it is 
difficult to localize the exact site of the block electro-
car diographi cal ly . 
Accelerated conductions are sometimes observed in the 
conduction pathway. WoIff-Parkinson-White (WPW) syndrome 
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is one of them, in which the velocity of the entire conduc­
tion system is accelerated. It is classified into three 
types, type I to III, in accordance with the deviation that 
the delta waves (initial slur on R wave) make on the mean 
electrical axis of the electrocardiogram. The syndrome is 
prone to elicit paroxysmal supraventricular tachycardia. 
Lown- Ganong- Le vine (LGL) syndrome manifests normal P wave 
configuration, QRS complex with an initial slurred deflec­
tion and the presence of a normal T wave, but with a short­
ened P-R interval. It indicates the existence of an acces­
sory tract which bypasses the AV node and proximal part of 
the common bundle of His, and thus avoids the delay which 
normally occurs when the impulse arrives at the AV junc­
tional region. This syndrome tends to create paroxysmal 
atrial arrhythmias due to the retrograde conduction of 
impulses via the bundle of His and AV node into the atrium. 
It is a fact that electrocardiogram, which may be 
obtained from the body surface or inside the esophagus, has 
a significant role in the diagnosis of these previously 
mentioned cardiovascular conduction disorders. It is still, 
however, not a sufficient tool for certain types of dis­
orders, second degree heart block for example. While His 
bundle electrography (HBE), which may be taken very close 
to the conduction pathway by applying a catheter electrode, 
can precisely specify the type of and the site of those dis­
orders; and is presently indispensable to diagnose certain 
types of cardiac conduction disturbances. 
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II. ELECTRICAL ACTIVITY OF BUNDLE OF HIS 
A. His Bundle Electrography 
The electrical activity in the AV node and the bundle of 
His has been examined at numerous times in the last thirty 
years (Burchell et al., 1953; Scher, 1955; van der Kooi 
et al., 1956; Alanis et al., 1958; Scher et al., 1959; Hoff­
man et al., 1960) by using techniques such as cardiotomies 
and isolated tissue preparations. The application of an 
electrode catheter in an intact closed-chest canine heart was 
first reported by Scherlag in 1967 and was used for pacing 
and recording from the right atrium. In the following several 
years Damato et al. (1969a,b,c,d), Scherlag et al. (1969) and 
their colleagues (Lau et al., 1969) extensively investigated 
the validity and feasibility of utilizing electrode cathe­
ters for clinical applications. The essential reason for 
electrode catheterization is to place the electrode adja­
cent to the signal source, since the signal or impulse 
being conducted in the atrioventricular conduction system is 
quite small as compared with the noise which may exist 
between the signal source and the electrode when it is placed 
at a distance. It may not be feasible to obtain true signals 
even with the electrode contiguous to the signal source if 
the noise has, under a homogeneous environment, the same char­
acteristics as that of a signal in regard to magnitude, fre­
quency conçonent and phase. As described in Chapter I, 
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fmdamentally there are no other electrical disturbances 
while the inçulse travels through the AV node to proximal 
part of His-Purkinje system; the atrial muscle fibers are 
already in phase 2, the ventricles are not depolarizing as 
the impulse has not yet arrived and the impulse does not 
elicit any functional cardiac muscle fiber activity during 
this time as the conduction pathway is embedded in the 
resistive fibrous layers and lacks Purkinje fibers which are 
mediators of impulse conduction to the muscle fibers. 
The common catheterization procedure in man is initi­
ated with a local anesthesia (Damato et , 1969a; Scherlag 
et , 1969; Ettinger et al., 1970; Haft, 1973). A size 
six to seven French bipolar or tripolar electrode catheter, 
in which the electrode rings are separated 8 to 12 mm in 
distance from each other, is introduced percutaneously into 
either the right femoral vein, antecubital vein or cephalic 
vein. The tip of the catheter is fluoroscopically posi­
tioned near or across the septal leaflet of the posterior 
tricuspid valve. By monitoring the output signal the elec­
trode catheter is manipulated until a deflection appears 
within the P-R interval of the electrocardiogram which is 
simultaneously taken from the body surface. When pacing of 
the atrium is required, either another electrode catheter is 
introduced by the same procedure or a quadripolar electrode 
catheter is utilized instead of the bipolar electrode. The 
proximal pair and the distal pair of a quadripolar electrode 
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are utilized for stimulation and recording respectively. 
The band frequency of the amplifier is generally 40 to 500 
Hz. The gain to observe the bundle of His activity, in our 
study with a band frequency of 70 to 500 Hz, is approximately 
70 dB, which is equivalent to 0.2 mV at the input. 
The typical His bundle electrogram is shown in Fig. 2.1 
and is associated with a simultaneously recorded electrocar­
diogram. P-H interval occurs between the earliest onset of 
the P wave of the surface electrocardiogram and the onset of 
the His bundle activity. This interval measures the summa­
tion of intra-atrial and AV nodal conduction. Originally 
the interval was applied to measure a conduction time within 
the AV node as the intra-atrial conduction is normally much 
more rapid in comparison with intranodal conduction. Accord­
ing to Scherlag et al.'s (1972) criterion the P-A interval, 
the initial part of the P wave to the onset of atrial activ­
ity in the area of the A-V junction as seen in the His bundle 
electrogram, measures the intra-atrial conduction time. Con­
sequently, the A-H interval is from the A to the onset of His 
bundle activity. It may represent the conduction period 
across the AV node, which has normally one of the slowest 
velocities in the cardiac conduction system. Scherlag's 
criterion is appropriate if the A wave on the His bundle 
electrogram appears only when the impulse arrives at the 
vicinity of the AV node. It is, however, not always so. 
The A wave may begin close to the onset of the P wave. 
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H-V P-H H-V P-H 
Figure 2.1. Time relationship between the ECG and HBE 
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The timing of the appearance of the A wave is closely depend­
ent on the gain of the amplifier utilized for the activity 
recording and the position of the electrode catheter inside 
the heart. Therefore, the author believes that his criterion 
is not always appropriate. The interval from H to V, the 
earliest onset of the QRS complex on any lead of an electro­
cardiogram, is taken as a measure of conduction through the 
His bundle and the His-Purkinje system up to the point where 
the depolarization of the ventricular muscle fibers are ini­
tiated. It is worth noting that the H-V interval includes 
the activity of the His-Purkinje system distal to the arbori­
zation of the bundle of His and up to a place that includes 
the right and left bundle branches. 
Those intervals between the distinctive waves are the 
precursors of cardiac conduction disorders. However, the 
relationship between the abnormal intervals and the patterns 
of cardiac disorders is still under consideration (Scherlag 
et , 1972; Fisch and Zipes, 1973; Lie et , 1974; 
Dhingra et a l . ,  1976), The commonly accepted criteria are 
as follows: (1) First degree block: the His bundle electro­
gram will reveal a prolonged conduction time in the bundle 
of His although the P-R interval is within the maximum limit 
of the standard. Intraventricular conduction defects with a 
prolonged P-R interval have usually a prolongation of the P-H 
interval, indicating an AV nodal disorder (Rosen et al., 
1971). A case report (Roberts and Olley, 1972) showed that 
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the H-V interval lengthens with age but the P-H interval 
does not differ significantly. (2) Mob it z type I: no bun­
dle of His activity is recorded following the P wave in the 
blocking cycle. Typically the block is proximal to the bun­
dle of His in the AV node. (3) Mobitz type II: bundle of 
His activity is observed following the P wave of the blocked 
cycle. The block is normally distal to the bundle of His in 
the trifascicular part of the intraventricular conduction 
system. (4) Third degree block: the catheter recording 
elucidates whether the ventricles are ideoj unctional or idio­
ventricular rhythms. The recording substantiates that, if 
the QRS interval is normal, the block is most likely in the 
AV node and, if the QRS duration is prolonged, the block is 
usually in a bundle branch region. (5) Concealed conduction: 
the bundle of His recording confirms the existence of con­
cealed retrograde conduction following ectopic ventricular 
contraction, which creates concealed AV junctional extra-
systoles and disguises them as a first or second degree 
block. (6) Accelerated conduction : Wolff-Parkinson-White 
syndrome (Wolff et al, 1930) and Lown-Ganong-Levine syndrome 
(Lown et al., 1952) are representative syndromes in this 
category. The observation of induises which may indicate 
antegrade or retrograde conduction is beneficial for diag­
nosing these abnormal patterns. If intraventricular conduc­
tion occurs via the bundle of Kent or James tracts, or if 
the atrial or ventricle muscle fibers are activated during 
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the time an impulse is being conducted in the bundle of His, 
the information recorded by the electrode catheter will be 
obscured. 
B. Modeling of Catheter Recording 
Varghese and his colleagues (1973) studied the valida­
tion of whether extracellular recordings, as obtained by a 
catheter electrode, reflects the total His bundle activities 
or the electrical activity of only a part of the bundle. 
Validation was done by conçaring the catheter recordings and 
the simultaneously recorded transmembrane action potentials 
between the AV nodal region and the branching portion of the 
bundle of His. The results indicated that under normal 
antegrade or retrograde conduction reasonable reflections of 
total electrical activity could be recorded with a catheter 
electrode with an interelectrode spacing of approximately 
8 mm. Urthaler and James (1975), however, pointed out that 
recordings with a catheter wedge in the aortic root pro­
duced more accurate and stable data during selectively gen­
erated acute but transient complete AV blocks, sinus brady­
cardia, AV junctional tachycardia, AV junctional bradycardia 
and various degrees of incomplete AV blocks. A left ven­
tricular catheterization was previously attempted by Narula 
and his co-workers (1970b). In their study a catheter was 
positioned via the right brachial artery in the right atrium. 
They confirmed that the conduction velocities of the left 
and right bundle branches were approximately the same and 
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consequently both of the ventricles were activated simul­
taneously. 
Anatomically (James and Sherf, 1971; Tse, 1973) the AV 
node is located on the right side of the intra-atrial septum, 
on top of the intraventricular septum, anterior to and at a 
short distance from the ostium of the coronary sinus. It is 
about 1.0 mm in depth from the endocardium. The canine AV 
node varies with the size of the heart but its average size 
is about 2.0 mm at the widest portion and about 2.5 mm in 
length. The bundle of His is located under the endocardial 
surface of the right side of the intra-atrial septum, immedi­
ately superior to the intraventricular septum. It is cylin­
drical in shape, measures about 1.0 mm across, and the length 
to the branch point is approximately 10 mm in the canine 
heart. 
According to the volume conductor theory (Lorente de No, 
1947), the contribution to the potential at a field point P 
due to the transmembrane potential over S is given by 
where a- and a are conductivities inside and outside 1 o 
the membrane respectively. V is the potential charge on 
the membrane S over which the solid angle is measured as 
dn. Several assumptions are involved to construct formulae 
for the electrical activity obtained by an electrode 
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catheter. (1) An audacious but still valid assumption is that 
the diameter of S is small when compared with the distance 
to the field point P; i.e., the electrical contribution of 
any subarea dS on S to P is equivalent. (2) The inci­
dence has taken place in a homogeneous environment; the His-
Purkinje system, the fibrous tissues surrounding the conduc­
tion system and the blood cells in the atrium and the ven­
tricle are assumed to have the same conductivity over the 
range of signal frequencies. (3) The conduction system is 
sufficiently long as compared with the distance between two 
ring electrodes on the distal end of the electrode catheter. 
(4) The electrical potential on S in Eq. 2.1, the wavefront 
of the depolarization potential traveling inside the bundle 
of His, is constant over the conduction system. (5) The 
depolarization wavefront potential is the only potential 
source in the consideration. Repolarization is not close to 
the wavefront; repolarization of the cells in the His-Purkinje 
system takes more than three hundred milliseconds whereas the 
depolarization is completed within a few milliseconds 
(Varghese et al., 1973). Therefore with those assumptions 
Eq. 2.1 will be 
*(P) = ^  (2.2) 
where r is the distance between the field point and the 
center of the wavefront of the depolarization potential, and 
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0 is the polar angle (Fig. 2.2a). If the coordinates are 
transferred from polar to rectangular, Eq. 2.2 will be 
$(P) = K M % ... (2.3) 
where K is a constant of S*V*(4ir) and £ and x are 
vertical and horizontal distances between the charged surface 
to the field point respectively. 
1. Model 1 
Eq. 2.3 demonstrates the potential contribution on a 
point electrode and it is usually assumed that the size of 
the electrode is negligible as it is sufficiently small as 
compared with the distance Each ring electrode on the 
distal end of our quadripolar electrode catheter is axially 
measured approximately 2.5 mm in the width. In order to make 
a closer assumption to the fact the axial length of the ring 
electrodes is considered in the calculation. Although each 
ring electrode has a diameter, from the viewpoint in which 
the conducting wavefront in the bundle of His is measured 
with the electrodes in parallel configuration, the axial 
length of the electrodes makes a very significant contribu­
tion to the waveform of the His bundle electrogram. There­
fore the contribution to the potential, determined by the 
finite length of the electrode which is axially parallel to 
the conduction path, is given by 
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Conduction Bundle 
(a) Monopolar electrode 
l-w-l 
fil 
-s 
Electrode 
f~W-| 
&2 
3— Z 
Conduction Bundle 
(b) Bipolar electrode 
Figure 2.2. Geometrical relationship between the electrodes 
and the conduction bundle 
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= gg(z) (2.4) 
where z is the axial distance and w is the axial length 
of the ring electrode. If a bipolar electrode is used to 
obtain bundle of His activities, the potential difference 
between the electrodes is expressed as 
° SgCz+f) - Ss(z-7) (2.5) 
where d is the distance between the ring electrodes mea­
sured from the center of each electrode. 
Eq. 2.4 expresses the function of i, distance between 
the electrode and the conduction bundle, as well as z. 
When the two ring electrodes on the catheter do not have the 
same distance to the bundle of His (this is the usual case 
when using a fluoroscopic guided electrode catheter), the 
potential difference is then given by 
$D(R) = I + (z+d'+w')^]"^/^ - [&2 + (z-d'+w')^]"^/^ 
- [li + (z+d'-w')2]-l/2 + [A2 + (z-d'+w')2]-l/2} 
(2.6) 
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where 2^ and &2 are the distance between each ring elec­
trode to the conduction system, d' is d/2 and w' is w/2 
(Fig. 2.2b). In Eq. 2.6 the nonparallel position (in a sin­
gle plane) of the catheter electrodes and its effect (due to 
the single ring electrode position) on the potential is not 
in the consideration; since the catheter approaches the bun­
dle of His at some angle, it follows that each electrode in 
itself is nonparallel to the bundle of His. However, in 
this consideration it is assumed that each ring electrode is 
parallel and only the distance of each electrode from the 
bundle of His is accounted for. This nonparallel single 
electrode condition does influence the result of Eq. 2.4, 
but the effect is minimal if i is smaller when compared 
with d, the distance between the electrodes. 
The effects of electrode position and the configuration 
of the bipolar electrode catheter in relation to the wave­
forms of the bundle of His electrogram are examined by means 
of Eq. 2.6. Fig. 2.3 shows the effect of the ring electrode 
width. The waveform of the catheter recording is not sig­
nificantly affected by the width if the distance between the 
ring electrodes is sufficient. A depression appears in the 
center of the waveform in Fig. 2.4 which is directly related 
to the increase in distance between the electrodes. The 
distance, d, in commercially available electrode catheters 
is generally 8-10 mm, which may be the maximal limit for 
recording waveforms without any depression in the center 
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W = 3.0mm 
W=0.8mm 
-10 10 (mm) 
-2 
-4 
d=7.0 mm 
Figure 2.3. Alteration of the calculated H complex due to 
the variation of the electrode width 
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$D 
d = 5mm\d= lOmm 
10 (mm) 
-2  
•-6] 
Figure 2.4. Alteration of the calculated H complex due to 
the variation of the electrode spacing 
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peak. Fig. 2.5 shows the waveform variations caused by a 
change in electrode distance from the conduction bundle. The 
waveform indicates that normally observed unsymmetrical wave­
forms of the bundle of His may be due to the unequal distance 
of the ring electrodes from the bundle of His conduction 
system. 
2. Model 2 
There was no consideration of time in regards to the 
waveforms of the bundle of His activity in Model 1. In 
Model 2 the variability of the conduction velocity due to 
the location of the wavefront is taken into consideration. 
The conduction velocity within the atrioventricular conduc­
tion system, including both the AV node and the common bun­
dle of His, has been examined by many researchers. Hoffman 
et al. (1959a) examined the impulse conduction time in the 
distal part of the atrium, AV node and proximal region of 
the His bundle with antegrading impulses. Tse (1973) 
obtained conduction velocities within the AV node and the 
common bundle of His with retrograding impulses. Although 
it is known that retrograding impulses in the atrioventricu­
lar conduction system have a slower conduction velocity, 
Scher et al. (1959) found that the delay of the retrograding 
impulses appeared to be in the atrio-AV nodal junction region. 
They also noticed that either retrograding or antegrading 
impulses were delayed along with an increased heart rate. 
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Figure 2,5. Alteration of the calculated H conçlex due to 
the variation of the distance between an elec­
trode and the conduction bundle 
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The relationship between the elapsed time and the location 
of the inçulse is summarized in Fig. 2.6. 
If an enlarged, in magnitude and time, His bundle elec­
trogram is examined closely and coiq)ared with a waveform of 
the model several agreements and differences are noticed 
(Fig. 2.7). The interval P^-P^ on the model in Fig. 2.7 
represents an approximate distance in which the wavefront 
travels between two electrodes. These electrodes are about 
7.0 mm apart on our electrode catheter. Therefore in this 
panel the conduction velocity of the bundle of His is 
approximately 2:0 meters per second, which is within the 
normal range in a canine conduction system. The absolute 
height of the peak D is close to that of C. This may 
indicate that the distal electrode was closer to the conduc­
tion system when the waveform was recorded. The slight neg­
ativity of E may be due to the characteristics of the band­
pass filter. Noticeable differences are the steeper segment 
A-B, than the corresponding slope in the model, and the ratio 
between the interval P^-P2 and Fg-E related to the 
ratio of P^^ - ^102 ^m2~^m* There may be at least two 
reasons for these discrepancies : (1) the conduction bundle 
is not actually straight but curved distally resulting in the 
apparent slower conduction of the wavefront which in reality 
is due to the decreased distance of the electrode from the 
signal source; (2) the conduction velocity is actually 
reduced in the vicinity of the bundle branch region. 
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Figure 2.6. Conduction time of the wavefront in the cardiac 
conduction system (after Hoffman et al., 1959a 
and Tse, 1973) 
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Figure 2.7. Comparison of a recorded and a calculated H 
complexes 
27 
Slight evidence which supports the latter reason is seen in 
Fig. 2.6 where the distal part of the bundle of His demon­
strates a slight reduction in the velocity of the wavefront. 
When the curve in the bundle of His region in Fig. 2.6 
is approximated by a logarithmic curve with the least square 
method, the relationship between the elapsed time and the 
position of the wavefront may be expressed as 
Z(t) = a+b In t (2.7) 
a = -20.1 
b = 8.85 . 
In this equation t, the elapsed time, is in milliseconds 
and Z(t) is the distance in millimeters. The origin of 
the coordinates is taken at t = 30 and z = 5 in Fig. 2.6 
for the convenience of calculation. From Eqs. 2.4 and 2.7, 
the potential contribution of an electrode is given by 
$g(T) = I ([A2 + (%^HZ(t))2]-l/2 -[42 + (W -Z(t))2]-l/2} 
= hg(t). (2.8) 
The origin of the abscissa in Eq. 2.7 was arbitrarily 
selected. In order to apply Eq. 2.8 to the information 
derived from a bipolar electrode catheter, the time origin 
must be shifted to the center of the electrodes. Therefore 
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the contribution to the potential of a bipolar electrode 
which is due to the conducted wavefront is expressed by 
" (d/2)hs(t+T) - (-d/2)^s (2:9) 
where T is the arbitrary selected time in which the wave-
front in the conduction system passes the center of the two 
electrodes. The subscripts + d/2 indicate the functions 
are to be expanded with the spacing of the bipolar electrode. 
Eq. 2.9 will be expanded to give the same expression as that 
in Eq. 2.6 except for z which is replaced by Z(t) given 
in Eq. 2.7. 
Some example waveforms calculated by means of Eq. 2.9 
are shown in Fig. 2.8, 9 and 10 associated with recordings 
actually obtained by a catheter electrode under conditions 
which are assumed to be similar. The time scale of the cal­
culated waveforms is corrected by a reasonable assumption 
in which the conduction velocity is slightly reduced dis-
tally along the common bundle of His. Since the conduction 
velocity utilized in the calculation was derived from Fig. 
2,6, the time scales of the models do not exactly correspond 
to those of the recorded waveforms. The first positive 
deflection and the following negative second deflection on 
the modeled waveform in Fig. 2.8 are well coordinated with 
those of the recorded HBE waveform. The humps on top of the 
second peaks (negative deflections in Fig. 2.9 and 10) were 
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Figure 2.8. Calculated waveform of an H complex (1) 
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Figure 2,9. Calculated waveform of an H complex (2) 
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Figure 2.10. Calculated waveform of an H complex (3) 
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satisfactorily created by adjusting the distance between 
the ring electrodes and the bundle of His. The magnitude 
of the third wave (positive deflection in Fig. 2.9) on the 
modeled waveform was made smaller than that of the corre­
sponding wave on the recorded waveform. An increase in the 
magnitude of the third wave of the calculated waveform 
causes a noticeable distortion in the negative second wave, 
which could be manipulated by decreasing the distance 
between the conduction bundle and the distal ring electrode 
3. Model 3 
The estimated characteristics discussed so far are 
essentially concerned with the catheter electrode and the 
manner of the conduction of the wavefront in the bundle of 
His. These characteristics may theoretically be utilized 
to predict the waveform acquired by a catheter electrode. 
They may not, however, be satisfactory for comparing the 
calculated waveforms with the recorded ones which were 
obtained via amplifiers and filters. These data acquisition 
elements do distort and modify the input signals. It is 
recognizable that the calculated signal waveform is tri­
phasic while the recorded waveform is quadriphasic in Fig. 
2.8. A prominent discrepancy exists in the last negative 
wave which is not seen in the modeled waveform. It may be 
reasonable to assume that the difference of the waveforms is 
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due to the characteristics of the bandpass filter in the 
data acquisition system. The origin of this final negative 
wave of the HBE recording is pursued in the following dis­
cussion. 
The structure of the filters employed in the HBE mea­
surement is a noninverting voltage-controlled voltage source 
(VCVS). The bandpass (70-500 Hz) filter consists of both a 
low-pass and a high-pass filter. The voltage transfer func­
tion of the second order low-pass filter is given by 
Krao 
GrCs) = . ^ ° (2.10) 
s H-bi^s+bg 
where 
aQ = bo = 1.09 X 10^ 
= 3.62 X 10^ 
= 2.00. 
The constants were derived from the values of the components 
used in the circuit. The voltage transfer function of the 
second order high-pass filter may be written in the form 
2 
KuS 
Gp(s) = 2 (2.11) 
s + C^S + Cq 
where 
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Cq = 2.48X 10^ 
= 6.03X 10^ 
= 2.00.  
Therefore the transfer fxmction of the HBE bandpass filter 
is expressed as 
H(s) = G^Cs) . Gjj(s) 
K-K-a-sZ 
= —. . (2.12) 
(s ^b^s +bQ)(s + c^s + Cg) 
The Bode plot of Eq. 2.12 (20 log^QiH(ja)) | versus log^gw) 
was in agreement with one which was obtained from the filter 
circuit over w=10^ to w=10^. The minor discrepancy 
which was observed between the two Bode plots mainly origi­
nates in the nominal permissible errors in the capacitor 
values (resistors were measured in circuit with low excita­
tion voltage), and an influence of the broad band buffer 
amplifier which was employed in the final stage to ensure 
a low output impedance. The output waveform of a catheter 
recording via the bandpass filter could be obtained by the 
inverse Laplace transform of the transfer functions. 
fp(t) • H(s)l (2.13) 
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where 
«"qÇs) =<C[«j)(t)]. 
The input signal of the bandpass filter "^jjCt) is given in 
Eq. 2,9. There is, however, no straight forward solution to 
Eq. 2,13. If the acquisition of W^Ct) is implemented by 
an analog computer, the Laplace transformation will be 
avoided. The transfer function H(s) could be converted 
into a differential equation which could be programmed in 
the computer. 
When the calculated HBE waveform is divided into three 
sections by time intervals, -® to t^, t^ to tg and t2 to +", 
as shown in Fig. 2.8, the potential of the modeled HBE is 
expressed as 
The constant c is the time when the function o^CT) takes 
the minimum value in the range of -« < t < ». Eq. 2.14 indi­
cates that the potential of the modeled HBE has three dis­
tinctive waveforms which are distinguished by the period of 
(2.14) 
where 
« < t^ < c 
»D(t2) = 0 c < t2 < ® . 
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time which are established when the value of the function 
crosses the isoelectric line. When the signal passes a fil­
ter circuit, the signal will be distorted by the group delay, 
the phase shift and the damping factor. If the first and 
second terms in the right-hand side of Eq. 2.14 are approxi­
mated by half cycles of sinusoids, the fundamental frequen­
cies of the sinusoids fall into the frequency band of the 
bandpass filter. In the range of the band frequency the 
group delay is relatively constant. If the magnitude of the 
first term in Eq. 2.14 is small conçared with that of the 
second term, the undershoot due to the damping factor of 
the filter by the first term, which briefly overlaps the 
second term, is also small. Consequently, the waveform of 
the second term does not vary significantly. The effect of 
the overshoot of the second term will influence the third 
term to a certain extent. This is one of the reasons why 
the magnitude of the third wave exceeds that of the first 
wave without distorting the second wave in most recorded 
waveforms. The original purpose in this section is to sub­
stantiate that the final negative wave on the recorded HBE 
signal is due to the characteristics of the bandpass filter 
utilized in the data acquisition system. Hence, despite the 
.influences of the first and second terms on the third term, 
only.the third tera in Eq. 2.14 is taken account to describe 
the final negative wave on the recorded HBE. 
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The third term in the right-hand side of Eq. 2.14 may 
be approximated by 
*D(t) 
'2 
5 fOc-Cg) (2.15) 
where a =-233 and k = 2 with the bipolar electrode posi­
tion described in Fig. 2.8. When t2 is shifted to the 
origin for the convenience of the calculation, the Laplace 
transform of the third term will be 
F(s) = (s-a)-l/k . (2.16) 
If the characteristics of the bandpass filter are expressed 
by a second order instead of the fourth order equation, the 
transfer function of the complex conjugate pole pair filter 
is given by 
dgS 
H^(s) = -5 ^ (2.17) 
s + d^s + dg 
where 
dg = 1.96 X 10^ 
dj^ = 2.05 X 10^ 
d2 = 8.22 X 10^ . 
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The response of the third term of the modeled catheter 
recording will thus be given by 
fCt) = £'^[Hj(s)-F(s)] 
= U(s) . (2.18) 
The partial fraction e:q)ansion of U(s) is 
-TsÀt + -^;^+ (s+a+js) + (s+a-j6) (2.19) 
where -a±jg are the roots of the denominator of the trans­
fer function of the bandpass filter. The constants are cal­
culated to be 
= 6.64 X 10"^ 
= -1.25 
A3 = -3.32x10-3- j2.10x10-3 = c-js 
= Ç + j ç  .  
Therefore, the response in the time domain is 
w(t) = (Aj^+A2t)e°^+2(çcoset-Çsin3t)e""^ (2.20) 
which is shown in Fig. 2.11. The magnitude of the negative 
39 
20 (msec) 
Figure 2.11. An input and the output waveforms of the 
bandpass filter 
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wave peak is 23% of that of the initial positive peak on the 
output waveform. This magnitude ratio, the positive peak 
to the negative peak, is close to the ratios found in the 
recordings which were actually obtained through the filter. 
In conclusion, it appears that the final negative wave, the 
fourth wave of the quadriphase, of the bundle of His electro­
gram may not be due to the configurations of either the elec­
trode nor the conducted wave in the bundle of His, but rather 
is due to the characteristics of the bandpass filter. This 
conclusion in Model 3 raises a question as to whether or not 
the motivation and the reasoning of Model 2 were meaningful. 
In Model 2 the discrepancy of the time spans of the first, 
second and third waves between the model and the recorded 
activity was regarded as decremental conduction in the com­
mon bundle of His. In Model 3 the analysis revealed the 
possibility of some distortions on the output of the band­
pass filter which may affect the time intervals. The con­
tour of the very first wave, to P^-j in Fig. 2.7, will 
probably be noticeably distorted by the characteristics of 
the bandpass filter. The second wave (the largest negative 
deflection in the center of the complex) may be approximated 
by a sinusoid in the model as well as in the recorded wave­
form. The frequency of the sinusoid is in the pass band of 
the bandpass filter. Therefore, it is logical to assume 
that the time span of the second wave is not significantly 
altered at the output of the bandpass filter. A typical 
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recording of the bundle of His activity (Fig. 2.7 for exam­
ple) indicates that the interval of the second wave is nar­
rower than the shortened (by the characteristics of the 
bandpass filter) interval of the third wave. The ratio is 
0.82 in Fig. 2.7. Whereas, in the calculated waveform the 
interval of the second wave exceeds that of the main portion 
of the third wave, which has a ratio of 1.13. The distal 
end of the third wave of the model never reaches the iso­
electric line; thus, the time interval was established 
between the initiation of the wave and the time when the 
value of the function reached 10% of the peak value within 
the third wave. This alternation of the ratio implies that 
some other factors exist either in the signal source or in 
the data acquisition system other than in the bandpass fil­
ter. A strong possibility for this difference in the ratio 
is the variation of the conduction velocity along the common 
bundle of His, as was considered in Model 2. More precise 
estimation of the velocity variation can not be obtained 
without considering both the physical structure of the con­
duction bundle and the effect of the bandpass filter. The 
concepts encompassed by both Model 2 and Model 3 are neces­
sary to more fully explain the configuration of the recorded 
waveforms. 
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C. Review of Noninvasive Recording 
The concept of signal averaging for the purpose of sig­
nal extraction from noise is not novel. It is, however, 
still a remarkable tool when it is applied to the explora­
tion of the activity in the His-Purkinje system from the 
body surface. Damato (1974) has pointed out the disadvan­
tages of the conventional catheterization method in relation 
to: (1) requirement of catheterization facilities and 
equipment and the consequent possibility of complications ; 
(2) the need of attendance of two or more physicians and a 
clinical nurse; (3) awareness of electrical hazards; and 
(4) the limitation of repetitive sequential catheterization. 
These disadvantages will be fundamentally eliminated if the 
bundle of His activity can be obtained without any catheter­
izations and preferably without invasion of the body at all. 
It is desirable that the alternative method, if it exists, 
produces at least the same level of information, in quality 
as well as quantity, as that of conventional catheterization. 
Berbari and his co-worker (Berbari et al., 1973) first 
reported the feasibility of recording the electrical activ­
ity in the heart during the P-R interval with body surface 
electrodes. In their study the signal which was obtained 
from the surface of a canine chest was filtered through a 
bandpass filter of 80 to 300 Hz. Signal amplification was 
more than 120 dB and was averaged between 128 and 1024 times 
with synchronization to the cardiac pacing pulse. The 
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resulting signal waveform was quite distinctive' and well 
coordinated with the invasively observed bundle of His 
activity within the P-Q segment of the electrocardiogram. 
A few years later Berbari et al. (1976) published the 
results obtained from man. They utilized a band frequency 
of 10 to 300 Hz, a total amplified gain of 114 dB, and aver­
aged the signal 100 times. The resulting data were too 
obscure to determine the onset of the bundle of His activity. 
The onset of the His-Purkinje system of the averaged data 
was somewhat contaminated by atrial electrical activity. 
This obscurity of the boundary may have been due to the fact 
that they included the lower band frequencies, i.e., 10 to 
80 Hz, which are major signal frequencies throughout cardiac 
electrical activities. 
Flowers et (1974), applying a PDP-9 computer for 
averaging of the signals from the body surface synchronizing 
with atrial pacing pulses, observed a blip on the averaged 
data which coincided with the bundle of His activity obtained 
by an invasive catheter electrode. Their band frequency of 
the applied amplifier was 30 or 50 to 600 Hz with a gain up 
to 120 dB. They emphasized the importance of the position 
of electrodes to obtain the small (magnitude) signal produced 
by the bundle of His at the body surface. 
Fumes s and his colleague (Fumes s et al., 1975) also 
demonstrated the blip in their averaged data which coincided 
with the bundle of His activity. Their synchronization 
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timing for averaging is, instead of the trigger pulse of the 
atrium activation, a specific voltage level of the QRS com­
plex. In order to implement the voltage level trigger, the 
magnetic tape recordings were played in reverse. The band 
width of the 120 dB amplifier was 70 to 250 Hz. 
Hishimoto and Sawayama (1975) attempted P wave synchro­
nization as well as QRS complex triggering to average 100 to 
500 cardiac cycles with a bandwidth of 80 to 300 Hz. The 
averaged data of P wave synchronization indicated a defi­
ciency of the higher frequency components, which may imply 
that the QRS complex synchronization has better reproducibil­
ity of the desired activity that is obscured by noise. 
A wide band frequency of 10 to 1000 Hz was applied in 
the study of van den Akker et (1976) on man with their 
invention of an R wave detector (Goovaerts et al., 1976). 
Their PDP-11 conq>uter eliminated the need for the reverse-
play procedure for QRS complex synchronization. They also 
successfully obtained a large deflection on the averaged 
data concurring with the bundle of His activity. One notice­
able discrepancy in their data from others is the magnitude 
of the averaged His bundle activity. It was about 50 mV in 
their panels with an amplifier gain similar to that used by 
others, whereas other workers obtained something less than 
10 yV. The second paper of Berbari et al. (1976) described 
the adoption of the same low cutoff frequency of 10 Hz. 
With the author's study the frequency component of more than 
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300 Hz in the electrical activity of the His-Purkinje system 
was minimal. Therefore, even with the bandwidth of 10 to 
lObO Hz, their magnitude of the vertical scale is rather 
unlikely. 
Most of the data published from various sources seems 
to reproduce the bundle of His activity reasonably well by 
means of signal averaging. The onset of the blip or that 
of the G complex (an interval between the onset of the His-
Purkinje activity and the large deflection caused by ven­
tricular activity) coincides well with that of invasively 
obtained bundle of His activity. If the waveform obtained 
by a catheter electrode is absent, however, it is still a 
difficult task to determine which blip represents the onset 
of the bundle of His activity in the averaged waveforms of 
most panels. Scherlag (Scherlag et , 1972) suggested 
that the method of recording the activity from the bundle 
of His with an electrode catheter is more appropriately 
named "His bundle electrocardiography" instead of "His bun­
dle electrography". Although, "electrogram" is a recording 
from the heart surface, either epicardium or endocardium but 
not from the body surface, the usefulness of a bundle of His 
recording depends on a multi-analysis with an electrocardio­
gram; therefore, His bundle electrocardiography is a suit­
able term. The author believes that "cardiography" implies 
that the entire electrical activity of the cardiac systems 
is involved in the objective, including not only the P-Q 
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interval but also the T wave as well as the U wave. From 
this point of view, since the primary purpose of a His bun­
dle recording exists in the interval between the P wave and 
the QRS conçlex, but not in the entire recording, "electro-
graphy" would be a more appropriate term for a His bundle 
recording. The noninvasive recording of His bundle activity 
is a very recent innovation. Consequently, at this point in 
time, no uniform nomenclature has been established for 
describing the results of this type of recording. Respect­
ing the original publication (Berbari et , 1973), the 
papers following this original publication frequently uti­
lize a term "surface averaged lead (SAL)" when describing 
noninvasive recordings. The author believes that "lead" 
indicates one categorized term concerning electrode position 
on the body surface but may not relate to one synthetic 
electrogram. Since "averaging" is essential in order to 
obtain the bundle of His activity from the body "surface", 
the term "average" and the term "surface" are synonyms in a 
functional sense. Therefore, it is redundant to link the 
two expressions. The primal objective of noninvasive record­
ing is to observe atrioventricular conduction activity. It 
does not, however, clearly depict any activity in the AV 
nodal region but essentially indicates the activity of the 
His-Purkinje system. Therefore, in this paper the filtered, 
amplified and averaged electrocardiograms are henceforth 
called an averaged His-Purkinje electrogram (AHE). 
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III. IMPLEMENTATION OF HBE RECORDING 
A. Data Acquisition 
Sixteen healthy large size dogs (Table 3.1) were utilized 
for data collection. The first three dogs contributed to the 
improvement and modification of the data acquisition system, 
i.e., electrode catheters, amplifiers, filters and the exper­
imental environment. The procedure was usually initiated by 
an anesthetization of the dog with intravenously administrated 
sodium secobarbital. When atropine was utilized, it was per­
cutaneous ly administrated in the dorsocervical area 20 minutes 
prior to the anesthetization. After intubation with a size 
40 Fr. to 44 Fr. endotracheal tube, the anterior cervical 
area was clipped and scrubbed for catheterization. A quadri-
polar electrode catheter was introduced in the right internal 
jugular vein and advanced to the right atrium. When pacing 
was required a bipolar pacing electrode catheter was intro­
duced in the left internal jugular vein and positioned in the 
cranial vena cava close to the atrium or in the right atrium. 
The signal electrode catheter consisted of four electrode 
rings at the distal end and contained two capillary tubings, 
with the orifice of one at the distal end and the other 
between the second and third ring electrodes. Each capillary 
tubing was used to simultaneously measure blood pressure. 
A switch box was externally provided to select any combina­
tion of the four ring electrodes desired. This proved to be 
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Table 3.1. List of drugs utilized with each experiment 
Dog 
number Date Sex 
Weight 
(kg) Anesthetics^ 
Other 
drugsb Note^ 
1 9/3 M 22 M HNA 
2 9/17 M 19 M HNA 
3 10/11 M 20 M HNA 
4 10/27 M 19 M 
5 11/4 M 23 M . Ach, D 
6 12/7 F 22 I FR 
7 12/17 M 25 I 
8 1/31 M 26 M 
9 2/11 F 20 M HNA 
10 2/16 M 27 M 
11 2/22 M 27 s,v A 
12 2/25 M 26 M A FR 
13 3/4 M 24 M A,P 
14 3/18 F 19 M A 
15 4/4 M 26 M SR 
16 5/31 M 21 N P SR 
% = Myothesia, I= Innovar-Vet, N = Napental, S = Sparine, 
V = Vetalar. 
^Ach = Acetylcholine, D = Daranthin, A = Atropine, P = 
Pronestyl. 
^HNA=HBE not acceptable, FR= Fluoroscopic Room, SR = 
Screen Room. 
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very useful to find the best location for acquisition of the 
signal. The dimensions of the quadripolar electrode catheter 
are shown in Fig. 3.1. 
Fluoroscopic guidance was not sufficiently beneficial 
for electrode catheterization. Therefore this aspect of the 
procedure was discontinued. It can be used to avoid intro­
ducing the distal end of the catheter into the caudal vena 
cava. It does not, however, offer much useful information 
for positioning the electrodes close to the bundle of His, 
since neither the atrial septum nor the tricuspid valve are 
obvious on the fluoroscope display. Whereas, the simultane­
ous observation of blood pressures by means of the two cap­
illary tubings contained in the electrode catheter can 
exactly position the electrodes in such a manner that only 
the first ring electrode crosses the tricuspid valve. This 
is easily done because the two orifices on the distal end of 
the catheter provide an adequate spacing between each other. 
Simultaneous pressure recordings reveal distinctive wave­
forms, one produced by the atrial pressure and the other by 
the ventricular pressure when the electrode is placed in the 
proper position. Final adjustments can be made by observing 
the signals from the electrodes. Fig. 3.2 shows the posi­
tional relationship between the electrodes and the atrium. 
Prior to the catheterization at least three body surface 
electrodes were positioned; the right rear limb was utilized 
as the ground, the 7th thoracic vertebra served as the 
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Figure 3.1. Dimension of the quadripolar electrode catheter 
Figure 3.2. An appropriate position of a catheter elec­
trode to obtain bundle of His recordings 
The numbers, 1 to 4, indicate ring electrodes. The bi­
polar lead utilized for this recording consisted of the 
ring electrodes #2 and #3. This position of the catheter 
electrode provided a very prominent signal from the conduc­
tion bundle. The two electrodes are positioned immedi­
ately above the tricuspid valve and next to the atrial sep­
tum (the atrial septum is not obvious on this photograph). 
It is recognized that only the very distal ring electrode 
(#1) is on the ventricular side of the tricuspid valve. 
Distinctive atrial and ventricular pressures are simultane­
ously taken by the self-contained two internal catheters in 
the primary catheter with orifices provided at the distal 
end and between electrodes #2 and #3. The exploring or 
positive needle electrode for the surface EGG and AHE is 
positioned at CV6LL. RA is right atrium; RAA is right 
atrial appendage; RV is right ventricle; TGV is tricuspid 
valve ; GVG is cranial vena cava; EPA and LPA are right and 
left pulmonary arteries; 6S is the sixth sternebra; LW 
indicates lead wires from the electrodes ; DIG is the cath­
eter for dye injection. 
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negative input and the 5th or 6th sternebra provided the 
positive input. The details of electrode position will be 
discussed in Chapter V. The signals obtained by the elec­
trodes were fed into a combination amplifier/filter circuit. 
The first stage of the amplifiers for both HBE and ECG mea­
surements consisted of an instrumentation operational ampli­
fier AD521K (Analog Device) which has a nominal common mode 
rejection ratio (CMRR) of lOOdB at 60 Hz. The selected gains 
are 30 dB and 48 dB for HBE and ECG in the first stages 
respectively. The circuit contains four independent bandpass 
filters with selected cutoff frequencies to satisfy individ­
ual requirements. Along with these cutoff frequencies, the 
total gains (including the first and the final buffer stages) 
and the individual purpose are: 
1) His bundle electrogram (HBE), 70-500 Hz, 75 dB; 
2) electrocardiogram (ECG), 0.5-60 Hz, 60dB; 
3) averaged His-Purkinje electrogram (AHE), 70-500 Hz, 
126 dB; and 
4) modified electrocardiogram (MCG), 70-500 Hz, 66 dB. 
These output signals are fed into a 7-channel FM data recorder 
(Ampex Model FR-1300) with a tape speed of 15 IPS, a 4-channel 
pen recorder (Beckman Model R611) and a storage scope (Tek­
tronix Type 564). A block diagram of the instrumentation is 
shown in Fig. 3.3. The experiments were conducted in three 
different environments: a general surgery room, a fluoro­
scopic room and an electrically shielded room. 
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Figure 3.3. Simplified block diagram of the data acquisition 
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B. Pharmacological Control 
As noted in Table 3.1, the most frequently employed anes-
T) 
thetic was Myothesia (sodium secobarbital and mephenesin, 
25 mg/kg). It contains a muscle relaxant which was thought 
to be beneficial in reducing electrical noise from muscles 
under light anesthesia. Actually no significant differences 
p 
were observed in the data obtained when using Myothesia and 
T) 
data taken with Napental (sodium pentobarbital, 25 mg/kg). 
TJ 
The anesthetic Innovar-Vet (droperidol and fentanyl, 2 mg/ 
kg) decreased the heart rate to such an extent that data with 
a broad range of cardiac rates could be obtained by pacing 
the heart. Atropine sulfate (0.01 mg/kg) reduces parasympa­
thetic innervation via the vagus on the SA node. The effect 
was clearly depicted by the data in which the lowest heart 
rate in an experiment (normally seen within 40 minutes after 
the anesthetization) increased with a reduction in the irreg­
ularity of the R-R interval. The combination of acepromazine 
T> 
(0.8 mg/kg) and Vetalar (ketamine hydrochloride, 18 mg/kg) 
was intended to reduce muscle tonus under light anesthesia 
which resulted in a higher basal heart rate with less elec­
trical activity of the skeletal muscles. It was observed in 
the experiment that tapping the cervical area of the dog by 
the experimenter's hand was more effective in reducing the 
muscle tone of the dog than the drugs. Control of the cardiac 
p 
rate was attempted with Darenthin (bretylium, 5 mg/kg) and 
acetylcholine (0.1 mg/kg) along with electrical stimulation 
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of the atrium. Bretyliim blocks the release of norepinephrine 
at most sympathetic postganglionic nerve endings resulting in 
the reduction of the heart rate. Acetylcholine was used to 
pharmacologically control the heart rate. An infusion pump 
was employed to establish a constant blood concentration, but 
still the heart rate presented abnormal irregularities in the 
t> 
R-R interval. Pronestyl (procainamide hydrochloride, 0.04 
mg/kg) decreases the cardiac conduction velocity as well as 
the heart rate. It was ençloyed to prolong AV nodal conduc­
tion which evidently appeared on the AHE with paced cardiac 
rate. 
C. Signal Processing 
Although the data was recorded on a tape for later 
reviews, the entire system could perform real-time processing. 
The implementation of the data processing was done by a PDP-
LAB 8/e computer (Digital Equipment Corp.) which internally 
provides the following features : (1) 8K core memory, 
(2) 2 units of DEC tape, (3) extended arithmetic element, 
(4) 1 MHz real-time clock with schmitt triggers, (5) a stor­
age scope, (6) 2-channel D/A converter and (7) 8-channel A/D 
converter with the maximum frequency response of 60 kHz. The 
source signal of the AHE (averaged His-Purkinje electrogram) 
is fed into the A/D converter via bandpass filter (Krohn-Hite 
Model 3202), in which cutoff frequencies were adjusted for 
later studies. 
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The objective of the computer application in this study 
was divided into two categories, signal averaging and data 
display/plotting. Since the purpose of this signal averaging 
was to reveal the atrioventricular conduction activities, the 
averaging interval of the filtered and extremely amplified 
body surface electrogram (the raw data of AHE) is limited 
within the P-Q segment. The entire raw data of AHE is con­
taminated by noise; thus the P-R segment and the synchroniza­
tion point for averaging must be defined on the normal ECG 
which is simultaneously collected via a different amplifier/ 
filter circuit. Three time periods are provided in one car­
diac cycle,which are sampling, calculation (averaging)/display 
and pause periods (Fig. 3.4). 
1. Sampling period 
A sampling frequency 2.5 to 5 times higher than the 
highest frequency component in the data to be sampled will 
suffice to reasonably reproduce the signal (Otnes and Enoch-
son, 1972). Since the highest frequency component among the 
data was 500 Hz, for example, the lowpass cutoff frequency of 
AHE. Therefore, a sampling interval of 0.4 msec was selected 
for the program. The higher sampling frequency generates a 
better signal reproduction with the digitized data. The lim­
itation of the maximum sampling speed depends on both the 
number of program steps which must be executed within one 
sampling interval and the limited number of data storage 
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Figure 3.4. Three periods in the computer program for the 
signal processing 
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locations in the core memory. Although the three electro­
grams, ECG, HBE and the raw signal of AHE, were sampled simul­
taneously, the timing for several computer jobs was depend­
ent only on the ECG. After the program is initiated the 
data sampling proceeds until either the computer detects a 
prefixed voltage level on the descending portion of the R 
wave of the ECG or the data storage bank has overflowed. The 
data will be sampled and overwritten from the beginning of 
the data storage, either if the number of previously sampled 
data was not sufficient to represent a P-R segment or if the 
previous sampling was interrupted by the storage overflow 
but not by the detection of a voltage level on the R wave. 
By means of this algorithm the data bank is always filled 
with the data of a P-R interval prior to the next averaging 
period. 
2. Averaging and display period 
In this program the distinctive synchronization point on 
an ECG for signal averaging is not an atrial pacing pulse nor 
a commonly adopted prefixed voltage (threshold) level on the 
R wave, but rather is the peak of either the Q or R wave. 
The synchronization point for signal averaging will be dis­
cussed further in Chapter IV. Immediately after detection of 
a descending level on the R wave, a peak search mode is ini­
tiated. The computer searches the data bank and points out 
the address location of three peaks, on the P, Q and R waves 
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of the ECG. Two cursors, which have positions that are 
externally presettable, adjacent to the P and Q wave on the 
display, assist in detection of the peaks. If no distinctive 
peaks are found within prefixed intervals from the cursors, 
that cardiac cycle is ignored. Since the waveforms of ECG, 
HBE and AHE are displayed in each cardiac cycle, parameters 
can be established within a few cardiac cycles. The averag­
ing was done on the HBE and the raw signal of AHE with a 
floating point package by synchronizing to one of the wave 
peaks, which was previously externally determined. As the 
three waveforms are displayed for every cardiac cycle immedi­
ately after the completion of averaging, the progression of 
averaging can be easily observed. An in^ortant precaution is 
to avoid an overflow in the A/D converter. The A/D converter 
is a 9-bit and one sign bit processor. If the magnitude of 
the input is beyond ±1 V, the output of the converter stays 
±777g while the overrange lasts. Consequently a true averag­
ing will not be obtained in the segment where the overflow 
occurred. It is inevitable to avoid overflows on the P and 
Q waves and their immediate vicinity due to the nature of the 
raw data of the AHE. The segment between the two waves can 
accept the restriction by adjusting the input magnitude, 
since the segment between the P and Q waves was acquired in 
such a manner that the amplitude in the segment always falls 
into a certain voltage range throughout the experiment. The 
resolution of the A/D converter is approximately 2 mV, which 
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is sufficient in this study since the extracted signal level 
(measured peak to peak on a minimum recognizable waveform on 
an AHE) was about 80 mV at the output. 
3. Pause period 
The purpose of this period in the program is to cope 
with an extremely slow cardiac rate. Following an averaging/ 
display period, the sampling of the next cardiac cycle can be 
initiated. The core locations in the data storage, however, 
may not be sufficient to keep storing all data until the next 
R wave appears. Data shifting (or push-up) method is the 
procedure in which the oldest data in one period drops off 
when new data is pushed in the data bank after an overflow 
occurred. This takes too much execution time in one sampling 
interval with the PDP-8. Although the program provides a new 
sampling initiation discarding the previous data immediately 
after an overflow occurred and if an R wave still does not 
appear, the newly sampled data may not contain the initial 
part of a P-R segment. A deficiency of the initial part of 
the P-R segment occurs when the overflow of the data storage 
takes place during the P-R interval. Therefore the pause 
period is necessary in order to avoid such embarrassment in 
the limited usable data storage locations. The pause period 
is adjustable by observing the data display on the CRT. 
Once the period is determined the program can accept minor 
deviation of the heart rate. In case of an extremely high 
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cardiac rate, approximately more than 200 beats per minute, 
a part of the waveforms displayed is suppressed to shorten 
the display period which enables a full sample to be taken 
between the P-R interval. 
After the repetition of the above three periods, the pro­
gram sequence falls into the final stage when the predeter­
mined number of averagings has been completed. Individual 
data is then transferred to an X-Y recorder (Hewlett-Packard 
Model 7035B). Computer-accessed data seen in the following 
chapters are usually in the following order in the panel: 
from the top trace, an electrocardiogram (ECG), a His bundle 
electrogram (HBE), (an) averaged His-Purkinje electrogram(s) 
(AHE) and a time scale in msec. Several memos are associated 
with the data; an identification number (N) of the experi­
mental dog and the data sequence number (M) in the experiment 
expressed as #N-M, the basal cardiac rate with a letter P if 
it was paced, the lead system, and on the last line the cut­
off frequency of the high-pass filter which was utilized on 
the raw data of AHE. For example, 
#14-3 
205 P 
V10-6LU 
90 Hz 
indicates the third data collection on dog #14, with a heart 
rate of 205 beats per minute with atrial pacing, a negative 
surface electrode in a VIO position and a positive electrode 
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in a CV6LU position (c.f., Chapter V for electrode position), 
and a cutoff frequency of 90 Hz (c.f., Chapter V for fre­
quency discrimination of AHE). 
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IV. CONSIDERATION ON ENSEMBLE AVERAGING 
A. Averaged His-Purkinje Electrogram 
Typical waveforms of the averaged His-Purkinje electro­
gram are shown in Figs. 4.1 and 4.2 associated with simul­
taneously obtained HBE and EGG. The interval of interest is 
between the P wave and QRS complex, where atrioventricular 
conduction occurs. With some of the EGG lead systems, the 
P wave may not always be obvious on the EGG. The synchroni­
zation points for averaging are not always the Q wave peaks 
but may be peaks of the R wave if the Q wave peaks are diffi­
cult for the computer to recognize. The lines appearing on 
both sides of the HBE and AHE, in the panels, are zero lev­
els for the signal processing system and can be assumed to 
be the isoelectric levels of the signal sources. The two 
AHEs on each panel were obtained by the use of different data 
from the same dog with the same basal heart rate. Reasonable 
consistencies are observed between the waveforms. 
The main objective in this study was to define the ini­
tial activation time of the bundle of His by means of the 
AHE. The waveform of the activity of the conduction bundle 
was not a consideration. The G complex of the AHE may repre­
sent the activity between the AV node and the distal region 
of the common bundle of His. No consistencies in the wave­
form has been observed, in this work or by others, so far 
with the species studied and with the frequency band used in 
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Figure 4.1. Typical AHE waveforms associated with the ECG 
and HBE 
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Figure 4.2. AHE waveform with a blip which is coincided 
with an occurrence of the H complex on the HBE 
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these studies. 
The contribution to the potential at the extracellular 
electrodes is proportional to the number of cells which are 
excited at a given instance. The conduction velocity in the 
common bundle of His is ten to twenty times that in the ÂV 
nodal region in which decremental conduction is seen. Thus 
the AV nodal activity is negligibly small when compared with 
the bundle of His activity in the HBE recordings. On the 
AHEs, following the A conçlex (the atrial activity), there 
is a relatively quiescent segment which can be assumed to be 
the period when the impulse is traveling inside the AV node. 
The assumption is also substantiated by the following reason. 
The quiescent period was found to be inversely proportional 
to the heart rate. Scher et (1959) found that the AV 
nodal conduction was prolonged by an increased heart rate as 
determined with needle electrodes. The prolongation became 
clear in the fast heart rate range. 
The onset of the H complex of the HBE which was simul­
taneously obtained by a catheter electrode was usually coin­
cident with the onset of the G complex of the AHE. Many 
reports concerning noninvasive recording refer to the coin­
cidence of the onsets (of H & G) as evidence that the onset 
of the G complex signals the initiation of the bundle of His 
activity. A question is "Does the onset of the H con#lex 
really represent the initial activity of the bundle of His?" 
This will be analyzed as follows. 
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Varghese ^  al. (1973) reported that the H complex 
represents the entire activity of the bundle of His. This 
was ascertained by comparing the data obtained by intracel­
lular electrodes which were located at the proximal and dis­
tal common bundle of His; with two electrodes, which mimic 
a bipolar catheter electrode, placed on the endocardial 
surface close to the intracellular electrodes. They found 
that during normal conduction the total duration of the H 
complex almost equaled the interelectrode conduction time. 
The author believes that it is not always so. Evidence may 
be derived from the model in Chapter 11. Assume that the 
conduction velocity in the bundle is constant and the width 
of the ring electrode w is small as compared with the spac­
ing d between the two ring electrodes; from Eq. 2.6, the 
potential at the electrodes is 
I*D(Z)I = = 0 (4.1) 
This indicates that the interelectrode conduction time will 
be represented by the interval on the isoelectric level of 
the second wave (the initial and the final portion of the 
large negative deflection in the center) of the H complex but 
not by the interval of the entire deflection of the H com­
plex. If the first and the third positive waves of the H 
complex are negligible, their statement would be correct. 
A negation of the first positive wave may be appropriate when 
69 
the proximal electrode of the bipolar electrode is close to 
the AV nodal region due to the following reason. One of the 
assumptions in the model is the existence of a constant trans­
membrane potential over a sufficiently long conduction bundle. 
The condition is, however, different in the actual situation 
as the AV nodal activity is much less than the bundle of His 
activity when related to an extracellular electrode. Conse­
quently the discontinuity of the wavefront potential may 
noticeably reduce the magnitude of the first positive deflec­
tion on the H complex if the proximal electrode is positioned 
in the vicinity of the AV node. Although a small magnitude 
of the first wave compared with the magnitude of the second 
and the third wave is sometimes observed on the HBE recordings, 
it does not necessarily mean that the onset of the H conplex 
indicates the initiation of the common bundle of His activ­
ity, since a greater distance of in Eq. 2.6 can cause the 
smaller first positive wave on the H complex. 
Damato et al. (1969a) have demonstrated an H complex of 
the right bundle branch by locating the catheter tip across 
the tricuspid valve on the ventricular side. The H complex 
of the right bundle branch appears between an H complex of 
the normal bundle of His activity and the onset of the ven­
tricular wave on the HBE. Although, unfortunately, the panel 
is not associated with scales denoting the recording sensi­
tivity, it does serve as evidence that the H complex on the 
HBE does not always indicate activity of the proximal region 
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of the bundle of His. In our study, however, it was found 
that the position of the bipolar electrode was very critical 
in order to obtain and record the deflection of the H com­
plex. An 8 mm relocation of the bipolar electrode distally 
(which was done by reselecting the distal pair of ring elec­
trodes on the quadripolar electrode) almost extirpates the 
deflection of the H complex. This may be due to the geomet­
rical relationship between the distal ring electrode and the 
distal part of the common bundle of His. The proximal part 
of the conduction bundle is on the surface of the endocar­
dium while the distal part, the ramification of the bundle, 
is partly enbedded in the myocardium. In addition, the root 
of the septal leaflet of the tricuspid valve is located 
immediately above the ramification. Therefore, it is phys­
ically difficult to position a ring electrode close to the 
distal region of the His bundle. Consequently the only 
available segment of the His-Purkinje system for the elec­
trode catheter to obtain sufficient strength of signal is 
somewhat limited in the proximal part of the common bundle 
of His. Once an H complex was obtained the magnitude and the 
phase of the complex did not noticeably change during a nor­
mal recording period. The geometrical position of the cath­
eter tip may vary with each atrial or ventricular contrac­
tion but the catheter appeared to return to the most tenable 
position after each contraction. It is worth noting that 
the occurrence of the H complex is after the atrial 
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contraction and precedes the ventricular contraction. Dur­
ing the period of the H complex no major contraction of the 
myocardium takes place. 
Judging from the above considerations, the H complex may 
not exactly indicate the initial activity of the common bun­
dle of His; the complex is, however, still a reasonable time 
marker to evaluate the G complex of the AHE. It is thus a 
fair assunçtion that the onset of the G complex represents 
the initiation of the activity of the His-Purkinje system, 
since it was found that the onset of the H complex was 
closely coordinated with that of the G complex. Ventricular 
activity cannot normally be recorded from the endocardium 
until the impulse passes the bundle ramification and reaches 
a certain part of the left and right bundle branches (Hoff­
man et al., 1959b). Therefore the G complex appears to also 
represent distal activity, to a certain extent, of the bun­
dle ramification in the final portion of the complex. 
Procainamide hydrochloride is one of the most popular 
therapeutic drugs used in the treatment of cardiac arrythm-
ias. Specifically, it reduces the conduction velocity of 
the impulse in the cardiac conduction system. The effect 
of the drug administration was clearly depicted in the H-V 
interval when compared with that of the control (Fig. 4.3). 
The G complex of the AHE associated with the H6E was also 
delayed. The interval ratio (H-V to G-V) in the control is 
almost equal to the interval recorded after drug 
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Figure 4.3. Effect of procainamide on the time intervals 
on the HBE and AHE 
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administration. The relatively quiescent interval (between 
the end of A complex and the onset of 6 complex) is also 
proportionally expanded after treatment. These results 
strongly indicate that the quiescent period and the G com­
plex closely reflect the AV nodal and the common bundle of 
His activities, respectively. 
B. Effectiveness of Ensemble Averaging 
Extensive investigations on the extraction of the 
desired data out of noise-contaminated signals are readily 
available in research reports of evoked potentials of vari­
ous brain nuclei. The successful information extraction in 
the above research may be classified into three methods: an 
ensemble averaging synchronizing to the stimuli (Bickford 
et al., 1964), a manipulation of the optimum data window 
function of the filter, and a selective averaging (Ungan and 
Basar, 1976). The second method is represented by a poster­
iori Wiener filter which was proposed by Walter (1969) and 
later theoretically modified by Doyle (1975). 
The Wiener filter fundamentally consists of two opti­
mized filters, a prewhitening and a special purpose filter. 
If the input consisted of a signal having a spectral density 
of S (s) and a noise density of S (s), the transfer func­
tion H^(s) of the first stage filter will be 
%(s) = {G^(s)}"^ (4.2) 
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and 
Gj^(s)-Gj^(-s) = Sg(s)+S^(8). 
The second stage filter is given by 
HjCs) = Sg(s).{Gi(-s)}'l. (4.3) 
The optimum filter is then 
H(s) = Hj^(s)-H2(s). (4.4) 
The purpose of this procedure is to minimize the mean square 
error of the signal Sg(s). In the practical sense, however, 
the spectral densities S_(s) and S (s) are not exactly 
known in the application for evoked potentials. The trans­
fer function H(s) is thus obtained by the average of the 
power spectral density of the input. The details are 
described in the Appendix. Some ambiguities exist in the 
estimation of the optimum power spectral densities of both 
the signal and the noise. The filter performs best when the 
input has the same characteristics as one which was utilized 
to derive the transfer function H(s). But the input signal, 
especially the noise factor, is not always the same. From 
this point of view, selective averaging seems to have an 
advantage in minimizing the mean square error. In this oper­
ation the output signal of the filter is taken into account 
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only when the background noise seems to hâve the same char­
acteristics as the one which was utilized for the filter set 
up. The data will be, for example, collected only when the 
subject is in a sleeping stage if the transfer function of 
the filter was derived during that stage. The noise in 
evoked potential measurement is mainly the electrical activ­
ity in the adjacent nuclei (source of the electroencephalo­
gram [EEG]) which is nonstationary in the broad sense, since 
ongoing EEGs probably have certain dominant frequencies dur­
ing the time of interest. Therefore, the weighting factor 
of the filter has an important role of passing the signal 
and stopping the noise (EEG) providing the spectra of the 
evoked potential and the ongoing EEG do not overlap. 
The noise in the raw data of AHE (significantly ampli­
fied EGG) is generally assumed to be white, consequently 
stationary, providing the artificial interferences (60 Hz 
and its harmonics dominantly) are eliminated; another notice­
able interference is due to the electrical activity of the 
intercostal muscle during respiration (which was not taken 
into account in our studies as it is a less frequent dis­
turbance) . The desired signals from the cardiac conduction 
system also have a wide frequency band. Judging from the 
generally accepted frequency components of an EGG and HBE, 
the frequency range of the signal would be from 0.1 Hz to 
600 Hz. If the nonstationary noise (the frequencies are 
almost exactly known) is stopped by notch filters, the 
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previously described Wiener filter may not be necessary for 
signal extraction. In these studies the rest of the noise 
is white; if the power spectra of the signal and the noise 
are overlapping, the Wiener filter is not an appropriate 
tool for signal extraction. Although the white noise is 
band limited after filtering, it will, in a practical sense, 
be efficiently reduced by a finite number of ensemble aver­
agings . 
Fig. 4.4 shows the progression of the ensemble aver­
aging which has been synchronized to the peaks of the Q 
waves of the ECG. The numerical designation denoted by 
each AHE represents the number of the member participat­
ing in the averaging. The segments of the AHE which corre­
spond to the P wave and the QRS complex are out of the 
dynamic range of the A/D converter; since the converter 
saturates, true magnitudes are not possible to obtain. The 
averaging of 277g generated patterns very similar to that of 
177g. This suggests that the averaging of 177g sufficiently 
reduced the random noise in this part of the data. The 
reproducibility of the waveform has already been confirmed 
in the previous section (Fig. 4.1) where two AHEs were 
obtained from different parts of the data with the same 
basal yeart rate and the same lead system for the collection 
of the data. 
When the heart rate changes the waveform is accordingly 
altered in one subject (Fig. 4.5). A dominant delay exists 
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Figure 4.5. Alteration of the time interval due to the 
variation nf t-ko -
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in the AV node and is inversely proportional to the heart 
rate in the higher range of rates. Although the AHEs in 
Fig. 4.5 do not depict clear separation of activities 
between the AV node and the common bundle of His, apparent 
delays are observed. These delays are inversely propor­
tional to the heart rate regardless of whether pacing was 
utilized to create the fast heart rate. A strong corre­
spondence of the waveforms between the AHEs can be observed 
in the segments produced by atrial and ventricular activi­
ties, while in the center of the AHEs only a poor correspond­
ence of the wave peaks is observed. Very little correspond­
ence of the peaks, within the G complex, between AHEs of dif­
ferent subjects remains. This lack of correspondence may 
not be due to the failure of the averaging but due to the 
selection of the data frequency range, which will be detailed 
in the next chapter. 
It has been confirmed that the averaging system con­
sistently indicates some biological activity and the activ­
ity is reasonably coordinated with that of the cardiac con­
duction system. The HBE is the only method presently avail­
able to elucidate the timings of the AHE; the timing includes 
the onset of the bundle of His activity and the onset of ven­
tricular activity. It would be perspicuous, for evidence of 
the adequacy of averaging, to average a known signal which 
is introduced inside the heart near the conduction system, 
and thereafter coiq)are the signal and the averaged data. 
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For this purpose a hybrid signal generator was designated 
(Fig. 4.6). The generator pulse is triggered by a certain 
voltage level of a stable H6E to synchronize the pulse with 
the averaging signal; the actual averaging was performed by 
synchronizing to the Q wave peaks, because the Q-H interval 
is reasonably constant during a short period of time. 
Therefore, the interval between the pulse to the Q wave peak 
is also assumed to be constant. The output pulse was pro­
vided with an adjustable delay in order to (1) avoid the 
pulse overlapping the H complex and (2) locate the pulse on 
a relatively quiescent period of the AHE for an easier iden­
tification of the pulse on the averaged data. The circuit 
also has an adjustable refractory period (following a gener­
ation of one pulse) which eliminates a possible oscillatory 
pulse generation under the applied condition of the experi­
ment. 
In this particular experiment the HBE was obtained from 
the two distal ring electrodes of the quadripolar electrode 
catheter. The proximal two were utilized to introduce the 
pulses inside the heart. The selected amplitudes of the 
pulses were 1.0 mV and 5.0 mV with a duration of 3.5 msec. 
These pulses were sufficiently small; thus, no influence was 
expected on the electrical activity of the heart. Although 
no ectopic beats were elicited, there was a minor accelera­
tion in the cardiac rate. Fig. 4.7 shows (in the lower 
panel) the averaged result with the introduction of a 5 mV 
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Figure 4.6. Schematic representation of the pulse generator 
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Figure 4.7. Result of the pulse (5 mV) introduction inside 
the atrium via catheter electrode 
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pulse and the control waveform of the HBE and AHE (in the 
upper panel). Four introduced pulses are observed on the 
HBE. The first and the fourth pulses are in the atrial and 
ventricular activities, respectively; thereby, no obvious 
response is seen on the corresponding AHE. The second pulse 
seems to be manifested on the AHE (denoted as 2'). But 
judging from the control AHE, a large atrial activity extends 
into that region; thus, a positive conclusion should be 
reserved. The third pulse is perspicuously depicted on the 
AHE (denoted as 3*); this part of the AHE is normally elec­
trically quiescent and no other signal would be precisely 
synchronized to the H conçlex. Approximately 1.5 msec delay 
is recognized in the averaged pulse as con^ared with the one 
on the HBE. The filters used for both HBE and AHE have the 
same characteristics. Therefore, the delay may originate in 
the peripheral conduction pathway of the subject's body. 
The probability that the delay is due to the averaging sys­
tem is less likely since both the HBE and the AHE are aver­
aged simultaneously. 
The similarity of the amplitudes between the H complex 
and the pulse on the HBE, and those corresponding waves on 
the AHE, would not have any significant meaning since ançli-
tudes are influenced by the geometrical position of the 
electrodes. It suggests, however, that the amplitude of 
5 mV at the site is large enough to recognize the averaged 
results of the AHE. Fig. 4.8 is an example that an 
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Figure 4.8. Result of the pulse (1 mV) introduction inside 
the atrium via catheter electrode 
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introduced pulse with a 1 mV amplitude was not large enough 
to be elucidated on the averaged results. The distortion 
of the waveform (denoted as 2*) compared with the control 
and the manifestation of a pulse (denoted as 3*) on the 
lower AHE in the panel could be indicators of the introduced 
pulses but they are not able to be positively identified. 
These observations further attest that the AHE is eluci­
dating some important electrical activity of the cardiac 
conduction system. 
C. Synchronization of Sample Functions 
1. Nondeterministic stochastic process 
In the study of evoked potentials the ensemble averaging 
was performed by synchronizing with stimuli. Most research­
ers, when considering evoked responses, take it for granted 
that the alteration of the amplitude and the latency of the 
evoked potential waveform is minimal when referring to the 
synchronizing point, the stimulus. Once an evoked response 
is obtained the next potential waveform, under the same con­
ditions, is thought to be precisely predictable. The assumed 
predictability includes the beginning of the stimulus until 
the waveform disappears, providing there is no noise; in 
other words, the response is deterministic. For effective 
signal extraction by averaging, the signal conponent of each 
member of the sample function must not only be deterministic 
but also congruent. Let the stochastic process X(t) 
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consists of a signal Xg(t) and a noise 2^(t). If the 
synchronization time for the ensemble averaging of the sam­
ple functions (X(t)j^, X(t)2. * • * »X(t)^) is at t = 0, then the 
best result in the signal extraction from noise will be 
obtained by the following conditions. 
Xs(t)l = %s(t)2 = ••• = 
and 
<^(t)> = 0. 
In order to satisfy the first equation, Xg(t)j^ (where k is 
1, 2,''',i) must be congruent with each other. If the syn­
chronization time of each member is not constant (not all of 
them are at t = 0, for example), the equation will not be 
satisfied even though each member (t)|^ is deterministic. 
X^(t) must be random over the ensemble to fulfill the sec­
ond equation, but needs not be so in each member of the sam­
ple function. 
Cardiac activity (primarily referring to heart rate) is 
not constant over a given measuring period. Rate is con­
trolled by various factors, excitement, anger, exercise, 
fear, etc. Normal arrythmias are due not only to these 
exogenous factors, but to endogenous factors as well. The 
acceleration of cardiac rate during inspiration can be due 
to the discharge of afferents from vagal stretch receptors 
in the lung, which inhibit the cardioinhibitory center. 
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There may also be a direct effect of the respiratory center 
on the cardiovascular center in the medulla (Mgelone and 
Coulter, 1964); sinus rhythm is controlled by this chrono­
tropic action. The primary pacemaker is dominantly inner­
vated by parasympathetic nerves. Sympathetic (beta adrener­
gic) innervation, which dominates in the AV nodal region, is 
also seen in the sinus area where the effect is minimal at 
rest. Other parts of the conduction system in the heart 
(secondary pacemakers other than the AV node) are less 
affected by these innervations ; thus, cardiac rate and the 
interval of each cardiac cycle (initiation of the atrial 
depolarization to the repolarization of the ventricles) are 
under resting condition, independent from variation in rate 
due to changes in innervation. The rate of depolarization 
in the sinus node is directly affected by at least two fac­
tors : (1) the gradient of the prepotential (phase 4), which 
is due to the unstable membrane permeability to potassium, 
and (2) the level of the threshold potential of the cell 
membrane. Parasynçathetic vagal activity, by liberating 
acetylcholine at the nerve endings, decreases the gradient 
of the prepotential and increases the diastolic membrane 
potential. Consequently, the depolarization rate of the 
innervated cells decreases, which is prominently reflected 
in the sinus node. The firing rate of the sinus node (norm­
ally equal to the cardiac rate) is also sensitively influ­
enced by various ions in the extracellular fluid. 
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Hypokalemia increases the gradient of phase 4, resulting in 
an acceleration of automaticity; whereas, the net effect of 
the hyperkalemia is less obvious in the rate of the sinus 
depolarization. The hypercalcemia reduces the threshold 
potential resulting in a decrease of automaticity, while 
hypocalcemia induces the inverse effect. 
The conduction velocity of the impulse in the conduc­
tion system has a significant importance in determining 
whether or not the resultant electrical activity (input sig­
nal of the ensemble averaging system) is deterministic. The 
conduction velocity is directly influenced by (1) the gradi­
ent of phase 0, (2) the resting potential, (3) the threshold 
level, and (4) the an^litude of the action potential of the 
cells participating in the conduction system. Although the 
effects of ions on the conduction system are similar to 
those described in the discussion of the sinus node, each 
conduction segment (atrial preferential pathways, AV node, 
bundle of His, or Purkinje fibers) has different sensitivi­
ties to various extracellular ion concentrations. For 
example, the Purkinje fibers are the most sensitive to 
hyperkalemia and the atrial cells are the least sensitive. 
Other than the direct influence of the ion concentrations, 
there are some unresolved factors which alter the conduction 
velocity inside the heart. A high rate of atrial pacing 
progressively widens the P-R intervals (Lister et al., 1965). 
The progressive increase in the interval is also seen in 
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Wenckbach phenomenon (Reddy et al., 1975). Goldberg and 
his co-workers (1975) have proposed that the progressive 
increase in the interval which acts as a positive feedback 
mechanism is intrinsic to A-V conduction. A common view 
shared by many papers is that variation of the conduction 
velocity dominantly originates in the AV nodal region (which 
has decremental conduction and the lowest safety factor) but 
not in the common bundle of His. 
Judging from the above observations, it would be less 
effective to average signals from the bundle of His region 
by synchronizing to the atrial pacing pulse or P wave of the 
EGG. The AV node, which has more unstable factors in its 
conduction period, is located between the synchronizing point 
and the desired output signal for averaging. The effect of 
the nondeterministic stochastic process described above on 
the ensemble averaging may be analyzed as follows. 
Assuming that the noise is white, let the signal from 
the bundle of His be 
x(t) = A cos(wt + e) (4.4) 
where A and u are constants. In order to make the cal­
culation possible but still maintain reality, let e, a ran­
dom variable over the ensemble, be the Gaussian random vari­
able. Then the probability density function is 
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P(8) = —^ (4.5) 
arZ^r 
where a is a standard deviation of the signal in radians. 
If ut + e in Eq. 4.4 is replaced by ç, dx/de is (-A sin ç). 
Since x is a dotible-valued function of e, then the prob­
ability density function is 
P(e.) P<ev) 
p(x:t) - idx/de^l + Idx/de^l ®a'°' (4 *) 
The ensemble average of the signal described in Eq. 4.4 is 
<x(t)> = x*p(x;t)dx 
= ^  IZ =0= 5 • e=tp[4{^)^l<i«- (4.7) 
The expression inside the integral is an even function when 
t = 0. Thus, the peak magnitude of the averaged signal is 
<x(0)> = -~z/" cos Ç • exp[-i(|^)^]dç 
a/2¥ ° ^ ^  
2 
= A*exp[-^]. (4.8) 
It could somehow be predicted that the magnitude of the 
averaged signal is inversely proportional to the fluctuation 
of the period between the signal and the synchronizing point 
even without the calculation. Eq. 4.8 elucidates that, if 
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the fluctuation of the period is Gaussian, the distribution 
of the peak value of the averaged signal is also Gaussian 
as related to the standard deviation a. If there is no 
fluctuation (a = 0), the peak value of the averaged wave is 
A which is, as a matter of course, the same value as the 
peak of each member (without any noise) of the ensemble aver­
aging. The relationship between the peak value of the aver­
aged signal and the standard deviation is depicted in the 
upper panel of Fig. 4.9. Since a is expressed in radians, 
the lower graph in the same figure is useful to find the 
rate of decrease (after the averaging) with certain frequency 
conçonents of the signal (before the averaging) with the 
standard deviations. For example, consider a 200 Hz conçon-
ent of the original signal from the bundle of His. If the 
period between the synchronization point, say P wave peak, 
and the occurrence of the His bundle activity is normally 
varying with the standard deviation of 0.9 msec, the result­
ant amplitude of the ensemble averaging will be approximately 
one-half of the true amplitude of the original signal (with 
no noise contamination) ; after averaging, the mean value of 
the noise will be zero by the assumption described in the 
beginning of the calculation. The percent reduction of the 
peak amplitude related to the standard deviation v (msec) 
and to the frequency component f(Hz) will also be expressed 
as 
R ( v ; f )  = 100 exp[-^(2irfv X 10"^)^] (4.9) 
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Figure 4.9. Relationship between the standard deviation 
and the averaged peak value of the sinusoid 
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which is described in Fig. 4.10. This graph indicates that, 
if the standard deviation of the period fluctuation is 0.5 
msec, it is almost meaningless to extend the cutoff frequency 
of the low-pass filter in the data acquisition system more 
than 700 Hz, since the amplitude of the frequency component 
is negligibly small (less than 9% of original amplitude). 
It is realized that, from Fig. 4.10, averaging has an effect 
of low-pass filtering, per se, if the synchronizing point 
deviates with a certain distribution function. The frequency 
response of the filter is determined by the probability den­
sity function which is normally not able to be controlled 
externally but is intrinsic to the signal. If the density 
function is statistically known, it may be possible, to a 
certain extent, to control the function and obtain a desired 
frequency response by averaging. Fig. 4.11 is a plot of the 
cutoff frequencies (3 dB to 24 dB down) of the low-pass fil­
ter as related to the standard deviation of the signal (or 
synchronizing point) fluctuation. 
2. Statistical compensation of intervals 
The significance of synchronization of each member of 
the sample function for effective averaging was discussed in 
the previous section. In this section the variation of the 
interval between a synchronizing point and activity of the 
bundle of His will be examined on canine data that was 
obtained in the author's study. This examination will 
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Figure 4.10. Relationship between the signal frequency and 
the percent value of the peak 
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Figure 4.11. Relationship between the cutoff frequency and 
the standard deviation 
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indicate the best synchronization point of a noninvasively 
obtained signal which is available for use to achieve an 
effective average of the desired interval (P-Q interval for 
the bundle of His activity). 
The intervals were collected by the use of a conçuter 
and a program especially designed for this purpose. The 
second wave peak (normally the largest negative wave) of the 
H wave of the HBE was taken as a representative timing point 
for the activity of the bundle of His. In the noninvasive 
procedure, the ECG is the only source available to obtain a 
synchronization timing for ensemble averaging. Several wave 
peaks and a voltage level which had possibilities for use as 
a synchronization point were taken from the ECG. In order 
to discuss more precise timings a modified ECG (MCG) with a 
frequency range of 70 Hz to 500 Hz was utilized instead of 
the conventional ECG (from 0.5 Hz to 60 Hz in this study). 
The reason for the adoption of the higher frequency range 
was due to the fact that it is not very meaningful to com­
pare short periods (e.g., 0.5 msec) on data which has 60 Hz 
as the highest frequency. The program consecutively col­
lects the following intervals : 
R-R: an R wave peak to the next R wave peak. 
M-H: a pacing stimulus to the largest negative peak 
on a H complex of the HBE, denoted 
P-H: a most distinctive positive P complex peak of 
the ECG to H^. 
n 
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H-Q: % to a recognizable negative peak closest to 
the H complex of the QRS con#lex. 
H-L: Hn to a certain arbitrary fixed voltage level 
crossing the R wave. 
H-R: H to an R wave peak. 
n 
Q-R: a Q wave peak to an R wave peak. 
The graphical explanation is shown in Fig. 4.12. 
Prior to statistical evaluations and tests, the distri­
bution pattern of the sampled variables were examined by 
calculating the skewness and the kurtosis of the data. They 
elucidate how far the sampled distributions differ from 
Gaussian distributions with a given number of s an# lings. In 
these calculations thirty consecutive intervals were taken 
from each sample population. Table 4.1 shows the calculated 
skewnesses and kurtoses. Most of the skewnesses are not 
significantly large but indicate that the sample populations 
are skewed to the rigjht. The kurtoses indicate a mesokurtic 
distribution of the sinus rhythm and also appear in the 
atrial activity, while the intervals of the His-Purkinje 
system and the initial activity of the ventricles strongly 
manifest leptokurtic distributions. These results imply 
that the activity in the atrium and/or the AV node is less 
stable than that in the His-Purkinje and/or the ventricles. 
This implication agrees with a report in which the His-
Purkinje system is not affected by the cardiac rate, whereas 
the activity within the AV node is (Fume s s et al., 1975). 
The values in Table 4.1 suggest that the s an# ling size of 
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Figure 4.12. Time relationship between the HBE and MCG 
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Table 4.1. Skewness and kurtosis of time intervals* 
I.D. # M-H P-H H-Q H-L H-R 
5-12 0.11 -0.06 2.16 1.94 2.05 
1.73 2.74 4.60 3.66 4.30 
7-19 — — 0.27 1.16 1.09 1.84 
1.46 5.13 4.47 4.59 
8-7 -0.35 -0.13 0.64 1.15 1.22 
2.86 3.09 3.77 4.61 2.92 
13-2 — — 0.18 0.96 0.78 1.50 
2.01 6.51 4.88 6.27 
15-4 0.60 0.51 1.23 1.46 1.37 
2.95 2.13 3.80 3.89 4.13 
*The upper number is skewness and the lower number 
is kurtosis in each cell. 
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thirty may be too small to produce faithful comparisons of 
the distributions of the sample variables. According to the 
central limit theorem, a large number of sanglings could be 
assumed to represent a normal distribution. Therefore, one 
hundred consecutive data points are henceforth sampled from 
each population for statistical analyses. 
The intervals and the standard deviations of the ran­
domly selected data are summarized in Table 4.2. Fig. 4.13 
is the graphical expression of Table 4.2. It clearly depicts 
that the interval between the H complex and ventricular 
activity is much more stable as compared with that between 
the H complex and atrial activity. The averages of the 
standard deviations are: M-H = 3.33, P-H=1.55, H-Q =0.65, 
H-L=l.ll, and H-R=0.80, in msec. These standard deviations 
indicate that the synchronization of the pacing stimulus 
yields the worst averaging results (poor reproducibility of 
higher frequencies) of His-Purkinje activities. Whereas, 
the synchronization on the Q wave or the R wave peak will 
reveal higher frequency components of the signal. The syn­
chronization of a certain voltage level on the QRS complex 
is the easiest from the instrumentation point of view, but 
the point is not sufficiently stable. The mean of the stand­
ard deviation of the interval H-Q is close to that of inter­
val H-R. Therefore, the difference was evaluated by paired 
t statistics. If the values related to the interval H-Q are 
expressed with a subscript q and H-R with r, the evaluation 
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Table 4.2. Average and standard deviation of time inter­
vals (msec) 3 
I.D. H.R. M-H P-H H-Q H-L H-R Q-R 
5-3 
5-11 
7-23 
7-24 
7-25 
8-1 
8-7 
13-2 
15-1 
15-6 
16-8 
156 N/A^ 
N/A 
27.3 
1.26 
230P 105.4 
1.12 
159 
186P 
210P 
140 
207P 
160 
162 
190 
179P 
N/A 
N/A 
62.5 
0.82  
70.0 
3.98 
N/A 
N/A 
79.5 
6 .22  
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
81.2 
4.49 
28.1  
1.75 
33.8 
2.46 
43.2 
0.94 
35.8 
2.13 
43.3 
0.75 
31.4 
0.50 
42.7 
0.46 
46.7 
0.64 
47.8 
0.43 
48.0 
1.09 
49.5 
1.03 
28.1  
0.32 
59.5 
0.25 
36.1 
1.09 
47.9 
0.57 
50.6 
0.74 
43.4 
0.71 
56.0 
0.72 
55.8 
1.60 
59.2 
0.85 
59.4 
1.47 
56.8 
0.69 
32.6 
0.20 
64.3 
2.91 
46.3 
1.34 
57.3 
0.88 
59.1 
1.83 
48.2 
0.66 
59.1 
0.94 
63.0 
0.93 
64.6 
0.53 
65.4 
1.27 
71.3 
0.82 
48.0 
0 .22  
78.4 
0.37 
54.1 
1.12 
62.9 
0.72 
72.7 
1.16 
17.0 
0.24 
16.5 
0.30 
15.9 
1.03 
16.5 
1.57 
17.4 
0.52 
21.7 
0.31 
19.9 
0.20 
18.3 
0.35 
17.5 
0.49 
15.6 
0.38 
21.8 
0.30 
S.D. 
35.6 44.4 
3.33 1.55 0.65 1.11 0.80  0.52 
^The upper number is the average interval and the lower 
is the standard deviation in each cell. 
^N/A = not applicable. 
^P = paced heart rate. 
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Figure 4.13. Graphical representation of the Intervals and the standard deviation 
(Some data points which appeared In Table 4.2 are outside the range 
of this graph. The abscissa Is a time Interval between and each 
wave peak.) 
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may be expressed as follows 
"o= 
Pql'Wr-
The degree of freedom is 10. In the test of equality, the 
5.0% level of significance is 2.228 and the 2.0% level is 
2.764. The t is calculated as -2.41. Therefore, Hq is 
rejected at the 2.0% level of significance, but not at the 
5.0% level. This essentially means that the true standard 
deviation of the interval H-Q is likely to be less than that 
of the interval H-R but does not differ sufficiently to dis­
tinguish those values from a practical point of view. 
The deviation of the H-Q interval in the canine cardiac 
system is small when compared with that of himians. The H-V 
interval (from the onset of the H wave to the initiation of 
the ventricular activity) of human cardiac systems is sum­
marized in msec as follows : 
56 ± 11.9 Lie et al., 1974 
53 ±11.7 Batsford et al., 1974 
37 ± 10 Scherlag et al., 1972 
51 ± 6 Damato et , 1969a 
36 ± 4 Roberts and Olley, 1972 
40+ 3 Narula, 1971 
The average of the standard deviation is approximately 
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8 msec, which may have a significant effect on the results 
of averaging. Providing that the H-V interval is normally 
distributed and the averaging is performed with Q wave peak 
synchronization (the V and the Q are located close to each 
other on the ECG), then the 70 Hz conçonent of the His-
Purkinje activity will be reduced more than 24 dB (approxi­
mately one-sixteenth of the original amplitude) as indicated 
by Fig. 4.11. The cutoff frequency of the high-pass filter 
which was utilized in this system was also 70 Hz. Conse­
quently, this averaging system may not be adequate to inves­
tigate the His-Purkinje activity of human hearts. There 
would be at least two possible modifications to solve this 
difficulty. They are: (1) reduction of the cutoff fre­
quency of the high-pass filter below 70 Hz, or (2) reduction 
of the intrinsic deviation in the interval H-Q exogenously. 
Although the reasoning was different, the first modification 
was already attempted by Berbari and his co-workers (1976), 
resulting in averaged data that was unsatisfactory (c.f. 
Section C, Chapter II). Thus, the second modification is 
examined in this paper. Besides pharmacological interven­
tions (atropine reduces the unstableness of the intervals by 
blocking parasympathetic innervation which, in turn, 
increases the basal heart rate), the interval H-Q could be 
adjusted providing that some noninvasively measurable inter­
val varies proportionally with the H-Q interval. In other 
words, by measuring a certain interval of the ECG beat by 
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beat, the P-Q segment of the raw data of the AHE could be 
adjusted according to the fluctuation of this selected inter­
val. In order to determine the relationships between inter­
vals, cross-correlations were calculated beat by beat between 
the interval H-Q on the HBE and interval R-R, P-Q or Q-R on 
the ECG. The calculation was performed not only between 
present values for the intervals but also between the present 
value of the HBE and the previous or the following value of 
the ECG. Mathematically, expressing the cross-correlation 
as R^jjCt), then 
R^(T) = E[X(t)Y(t±T)], T = 0,1,2 
where X and Y represent the intervals of the HBE and 
ECG, and T is the number of the cardiac cycle. The signif­
icance of T is that it may elucidate the influence of the 
previous cardiac cycle to the present one or the present to 
the following. This relationship is found, for example, in 
the Wenckebach phenomenon where the R-R interval is progres­
sively prolonged and finally one cardiac cycle drops out. 
It was found that there was no significant correlation 
between the H-Q interval and that of R-R or P-Q in normal 
canine hearts. The interval H-Q has, however, a distinctive 
relationship to the Q-R interval. The cross-correlations 
and the graphical expression are shown in Table 4.3 and 
Fig. 4.14. The result indicates that there is a strong 
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Table 4.3. Gros s-correlation between the intervals H-Q and 
Q-R 
I.D. # -2 -1 T = 0 1 2 
7-21 -0.06 0.02 -0.79 -0.20 -0.04 
8-1 0.02 -0.36 -0.84 -0.34 0.01 
8-7 0.05 0.07 -0.68 -0.18 -0.08 
15-1 0.19 -0.01 -0.45 -0.09 -0.11 
15-6 -0.10 -0.14 -0.28 0.08 0.05 
16-1 -0.01 -0.10 -0.68 -0.05 0.02 
16-5 -0.25 -0.24 -0.53 0.10 0.03 
16-10 0.23 0.05 -0.63 -0.12 -0.02 
Avg. 0.01 -0.08 -0.61 -0.10 -0.01 
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Figure 4.14. Cross-correlation between the intervals H-Q 
and Q-R (the broad line indicates the average 
of the coefficients) 
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inverse correlation between intervals. This means that the 
interval of the common bundle of His activity is inversely 
proportional to the interval Q-R of the ECG. In other words, 
if the velocity of the impulse in the common bundle of His 
increases, the velocity in the last part of the His-Purkinje 
system or in the ventricular muscle cells decreases. The 
cross-correlation between the present interval H-Q and the 
immediately adjacent Q-R intervals (t= ±1) are slightly neg­
ative, which may imply that this influence extends to the 
following cycles. The physiological evaluation and the 
proof of these findings are not the prime concern of this 
paper. The main purpose of this section is to create a 
method to reduce the variation of the H-Q interval in order 
to extend the frequency response of the averaging procedure. 
The interval which needs to be adjusted on the raw data 
of the AH£ for the ensemble averaging is between the onset 
of the H complex and the Q wave peak. The H complex is not 
available from the noninvasive procedure; hence, the inter­
val H-Q is estimated by a statistical ratio with the P-Q 
interval which is noninvasively obtainable. According to 
Table 4.2, the ratio H-Q to P-Q is 0.56 (= 44.4/(35.6 + 
44.4)). Therefore, 56% of the P-Q interval of the final por­
tion will be applied for the adjustment. The adjusting 
ratio (the rate of compression or expansion of the estimated 
H-Q interval, determined by the deviation of the Q-R inter­
val) is also statistically derived from the standard 
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deviation of H-Q and Q-R intervals, from Table 4.2, which is 
1.25 (= 0.65/0.52). It is assumed that a linear relation 
exists between the variables. This is a valid assumption 
when sampling is from a bivariate normal distribution (Steel 
and Torrie, 1960). For example, if an increase of 1 msec in 
the Q-R interval was observed, the estimated H-Q interval 
must decrease 1.25 msec prior to the averaging to obtain a 
better reproducibility of the Bundle of His activity. 
A computer program was made to fulfill the above pur­
pose. The program has two main periods, collection of Q-R 
intervals and adjusted averaging of the AHE. In the first 
period the Q-R intervals of the ECG are averaged to determine 
the central (averaged Q-R) interval. In the second period, 
(1) the Q-R interval of each cardiac cycle is conçared with 
the averaged Q-R interval; (2) if the interval is larger 
than the averaged Q-R, a calculated amount of data points are 
evenly eliminated from the raw data of the AHE within the 
estimated H-Q segment; (3) if the Q-R interval is smaller 
than the averaged Q-R interval, a calculated amount of data 
points are evenly added into the segment; the amplitude of 
the adding data is the average of the two values which are 
located on each side of the data point to be inserted; and 
finally (4) the adjusted raw data of the AHE is averaged. 
The compression or expansion of the segment is performed by 
the following procedure. If the calculated number of the 
data point was 19, then the estimated Q-H interval on the 
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raw data of the AHE is divided into twenty (19 + 1) divisions; 
thereafter, one data point is added or eliminated at the end 
of each division except for the last division nearest to the 
Q wave. An assumption involved in this procedure is that 
variation of the conduction velocity is taking place over the 
common bundle of His but not in a limited portion of the 
conduction bundle. Other portions of the program flow is 
exactly the same as the averaging program described in Chap­
ter III. 
The adjusted averaging was attempted on data obtained 
from several canine hearts. As expected, the resulting AHE 
showed no recognizable differences from those obtained with­
out the adjustment. This is essentially due to the small 
variation of the intervals in the canine cardiac system. 
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V. CONSIDERATION ON OTHER FACTORS 
A. Electrode Position 
Most of the data obtained by the limb lead system (I, 
II, III, AVR, AVF and AVL) indicated a significant noise 
conçonent in the data which resulted in a decreased His-
Purkinje activity of the AHEs. The chest lead seems to be 
a prime necessity for data acquisition in order to establish 
a closer proximity to the signal source which not only pro­
vides sufficient amplitude of the signal but also decreases 
noise magnitude by means of a reduction in inter-electrode 
impedance. 
In this study a clinically accepted canine chest lead 
was utilized for the electrode position. The positive elec­
trode was in the VIO position (over the spine of the 7th 
thoracic vertebra) and the exploring electrode was in the 
CVnXÏ position, where n is the intracostal space, X is 
replaced by L (left) or R (ri^t), and Y is expressed 
by U (U = upper position at the costochondral junction) or 
L (L - lower position at the stemochondral junction). The 
apex of the heart is normally located near the 5th or 6th 
intercostal space near the sternum. Therefore, these num­
bers are common for n. For exançle, CV6RU indicates that 
the exploring electrode is located adjacent to the right 
costochondral junction of the 6th intercostal space. In 
some panels, in this paper, three electrode positions are 
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associated. The data in these panels were obtained by an 
augmented unipolar configuration in which the common termi­
nal consisted of two electrodes connected with 5.0 kohm 
resistors. 
The lead system (CVhXÏ) is commonly used for EC6 
recordings of the canine heart and the electrode position 
is suitable to obtain both atrial and ventricular activities. 
The electrical axis of the common bundle of His may not have 
exactly the same direction as that of the atria or ventri­
cles. The most suitable location of the e:q>loring electrode 
appeared to be different with each subject for the best 
recording of the bundle of His activity. Consideration of 
this point lends support for the use of the multiple elec­
trode as reported by Flowers et al. in 1974. However, their 
averaged data is somewhat lacking in higher frequency com­
ponents even though their amplifier had the same band fre­
quency as that of ours. Some reports on noninvasive record­
ings (Flowers et 1974; Fumes s et al., 1975) have shown 
a blip on the AHE, which coincides with the H complex asso­
ciated with the AHE. The others and our data indicated 
multiphasic waveforms (G con^lex) coinciding with the bundle 
of His activity. In our study the blip was obtained only 
by chance (due to electrode position), but not by other 
factors. 
Although the ventral-dorsal position of the dogs was 
the easiest position for catheterization, it was avoided 
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during data collection in order to maintain consistency in 
the relationship between the heart and the position of the 
electrode. The location of the apex of the heart is not 
certain when the dog is in a ventral-dorsal position. For 
a stable position of the heart, clinically, the right recum­
bency position is commonly used. We found, however, that 
left recumbency gave somewhat better maneuverability in 
regards to catheterization of the right atrium. Therefore, 
all data were taken with the dog in that position. 
B. Frequency Discrimination 
The frequency given in each panel of this paper is a 
cutoff frequency of the high-pass filter utilized for the 
averaged signals. In this study the elucidation of the 
onset of the G complex is essential, since its occurrence 
appeared to be close to the onset of the H con^lex. The 
frequency range of 70 or 130 to 500 Hz of the raw signal of 
the AHE, on one recording, did not give a clear separation 
between the activities of the A and G complexes after aver­
aging (Fig. 5.1). While the frequency range of 190 to 500 
Hz yielded a distinctive separation by exposing an AV nodal 
quiescent period (lowest trace of AHE), the ambiguity in the 
upper two traces are essentially due to an overlap of atrial 
repolarization activity, which is probably extending to the 
lower frequencies. If only the low frequency (70 to 150 Hz) 
of the signal is taken into account for averaging. 
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130Hz 
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Effect of the cutoff frequency of the high-pass 
filter on the AHE 
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continuous waveforms are often observed (Fig. 5.2, upper 
trace of AHE). The waveform does not always indicate that 
the lower frequency of the atrial activity extends over the 
His-Purkinje system in time. Rather, the lower frequency 
in the G complex is probably from the His-Purkinje system 
per se. It is certain that the activity of the lower fre­
quency is not due to AV nodal activity, judging from the 
less measurable activity observed with an external electrode 
on the node. 
The appropriate cutoff frequency to distinguish atrial 
activity from the His-Purkinje activity is not consistent. 
Some data has a clear distinction of the 6 complex with a 
frequency range of 70 to 500 Hz (shown in the previous chap­
ter). In our study, however, approximately 60% of the data 
obtained from canine cardiac systems showed apparent dis­
tinction with a cutoff frequency of 170 Hz (data frequency 
range of 170 to 500 Hz). Other data required a much higher 
cutoff frequency to distinguish the separate activities, or 
did not show any separation of A and G conçlexes regardless 
of the cutoff frequency used. 
Atrial activity and the His-Purkinje activity could be 
distinguished if the dominant frequency components were sig­
nificantly different. A computer program was created to 
perform a fast Fourier transform of the AHE data with a FFT 
subroutine (DEC 8-143, FFTS-R) in order to find the dominant 
frequencies in each activity. This program consecutively 
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Figure 5.2. Ambiguity of the onset of the G complex due to 
the low frequency components 
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collects and analyzes the frequency component of the A com­
plex (atrial activity) and the G complex (His-Purkinje activ­
ity) of the AHE raw data. The onset of the H conçlex of the 
HBE was assumed to be the division of the two activities in 
this analysis. Since the data utilized in this frequency 
analysis is the raw data of the AHE, no degradation of the 
higher frequency is involved; unfortunately, all frequency 
conçonents of the noise also appears in the results. After 
a summation of the obtained frequency conçonents (64 consec­
utive cardiac cycles), the white noise essentially raises 
the base line of the result. A consistent noise component 
(e.g., 120 Hz) is likely to appear on the results of both A 
and 6 complexes with the same magnitude. Therefore, the 
noise con^onents could be recognizable from these plots. 
A histogram of the FFT result is shown in Fig. 5.3. The 
cutoff frequency of the high-pass filter which was utilized 
is 80 Hz in this panel. According to Scher and Young (1960) 
the magnitude of the frequency conçonent of an EGG is maxi­
mum at about 20 Hz and exponentially decreases with the 
increase of the frequency. The histogram of the A conçlex 
(upper panel) is manifesting this tendency in the frequency 
range of 80 to 400 Hz. The G complex (lower panel) indi­
cates the dominant frequency at 200 Hz, and is not the same 
pattern as that of the A complex. A more distinctive sepa­
ration of the dominant frequency between A and G complexes 
is shown in Fig. 5.4. The exponential decay of the amplitude 
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Figure 5.3. Frequency analysis of the raw data on an AHE 
(the arrows indicate the cutoff frequency of 
the high-pass filter) 
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Figure 5.4. Frequency analysis of the raw data on an AHE 
(the averaged result of this data is shown in 
Fig. 5.5) 
120 
is seen in the A complex; the peak at 120 Hz is probably due 
to consistent noise as it also appears in the G complex. 
The G complex has a distinctive peak at 260 Hz, which is 
probably not due to noise as the A complex does not have one 
at that frequency. Averaging of this data is shown in Fig. 
5.5. The upper trace of the AHE was taken with a frequency 
range of 70 to 500 Hz, and the lower trace was obtained with 
a frequency range of 200 to 500 Hz. It is obvious in the 
lower trace that the atrial activity is reasonably suppressed, 
resulting in the elucidation of the 6 con^lex as well as its 
onset which is not as apparent in the upper trace of AHE. 
The onset of the G complex of the upper trace may be dis­
guised due to the preceding quiescent period at the point 
indicated by an arrow. 
There is a slight indication that the 6 complex contains 
higher frequency components than that of the A complex, but 
the pattern of the histogram of the G complex is not as con­
sistent as the pattern of the A complex. The frequency com­
ponents of the A complex, which extends into the His-Purkinje 
system, appeared to be only composed of the low frequency 
components. This makes possible the elucidation of the onset 
of the G complex by selecting the appropriate cutoff fre­
quency of the high-pass filter. A fair observation, however, 
indicates that it is not always a workable solution. An 
example is shown in Fig. 5.6. The upper trace of AHE is 
obtained with a frequency range of 160 to 500 Hz, since the 
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Figure 5.5. Elucidation of the onset of the G conçlex by 
the selection of an appropriate cutoff fre­
quency 
122 
J 
EC6 
HBE 
AHEs 
l60'500Hz 
70'160Hz 
20 msec 
#5-9 
198P 
AVR 
Figure 5.6. Effect of the variation of the cutoff frequency 
on the AHE 
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frequency analysis of this data showed a dominant frequency 
at 175 Hz (lower histogram in Fig. 5.7). The waveform indi­
cates the probability of a difficult differentiation of the 
two activities. Whereas the lower trace of the AHE (70 to 
160 Hz) manifests a distinctive G complex (so-called "blip") 
in the waveform. The selection of the appropriate cutoff 
frequency plays an important role in distinguishing His-
Purkinje activity from atrial activity. 
When filters are employed in a system, some delays are 
involved between the input and the output of the system. 
It raises a concern that the true interval between fiducial 
points on the AHE (e.g., the onset of the G complex to the 
peak of a distinctive wave) may be altered if the cutoff 
frequency of the utilized bandpass filter is varied. Pro­
viding that the phase delay is defined as, with the transfer 
function of the filter H(jw), 
t(w) = -
where 
6((a) = tan'l 
R(w) + jX(w) = H(jio) 
Then, the group delay (time delay) is expressed as 
DU) = . 
124 
A COMPLEX 
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Figure 5.7. Frequency analysis of the raw data on the AHE 
which averaged waveform is given in Fig. 5.6 
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These two delays have the same value if the phase function 
is linear with frequency and passes through the origin. By 
the equations it is also revealed that, if the phase delay 
is varying linearly, the group delay is constant. Therefore 
the variation of the group delay appears at the comer fre­
quencies. Theoretically the band width of the high-pass 
filter is infinite ; thus, the delays are essentially influ­
enced by the cutoff frequency of the low-pass filter. In 
this research the cutoff frequency of the low-pass filter 
was kept constant at 500 Hz. Only the cutoff frequency of 
the high-pass filter was adjusted to reveal the onsets of 
G complexes. Therefore no major variation of the intervals 
in time was involved in the study. 
When the signal consisted of multiple frequency compo­
nents, a pseudo delay appeared on the output waveform 
involves significant conçlexity. Some examples of AHE 
which are obtained by different low cutoff frequencies of 
the high-pass filter (with a fixed upper cutoff frequency at 
500 Hz) are shown in Fig. 5.8. Each AHE was obtained from 
the same portion of the data with Q wave synchronization. 
The panel indicates that the peaks of a distinctive wave 
(t^y for exançle) are shifted according to the variation of 
the cutoff frequency. This seems to be contradicting the 
previous explanation. An impression created by those shifted 
waves is that some activity generated by a certain region of 
the conduction bundle appears on the waveform with a 
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Figure 5.8. AHE waveforms which were obtained with differ­
ent cutoff frequencies of the high-pass filter 
(the cutoff frequency of the low-pass filter 
is 500 Hz) 
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progressive shift along the decrease of the low cutoff fre­
quency. The reality is, however, not likely so. Those peaks 
(at t^) are not representing the activity which was generated 
by one particular region. Rather, they are accidentally 
created under the influence of the adjacent waveforms. It 
is thus physiologically meaningless to connect or relate 
those peaks. If the adjacent activity does not influence a 
particular wave in the selected frequency band, the time of 
occurrence is significant. The examples are seen at t^ (the 
termination of the certain frequency component of the atrial 
activity), t^ (the onset of the G complex) and t^ (a particu­
lar activity in the conduction bundle). They are all fol­
lowed by periods which are relatively quiescent in the 
adopted frequency range. They indicate no shift in time 
from the synchronizing point (the Q wave peak which is not 
shown in the panel) with a different low cutoff frequency. 
The variation of the waveform distortion due to the low-
pass filter is depicted in Fig. 5.9 for comparison with Fig. 
5.8. The waveforms of AHE, which are also obtained by Q 
wave synchronization, are altered according to the variation 
of the high cutoff frequency. These waveforms substantiate 
that the time intervals on the waveforms, which were obtained 
by different high cutoff frequencies (of the low-pass filter), 
could not be compared without a consideration of the cutoff 
frequency. However, if the cutoff frequency is sufficiently 
high as compared with the signal frequency components, the 
error will be practically minimal. 
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Figure 5.9. Alteration of the ARE waveforms due to the 
change of the high cutoff frequency (the cut­
off frequency of the high-pass filter is at 
90 Hz) 
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VI. DISCUSSION AND CONCLUSIONS 
The initiation of the 6 complex appeared to be revealed 
on the AHE by the selection of the appropriate cutoff fre­
quency of the high-pass filter. The waveform of the G com­
plex is, however, noticeably affected by the cutoff frequency. 
The waveform also varies from subject to subject. The G com­
plex is probably a representation of the activity of the com­
mon bundle of His up to the left and right branch of the con­
duction system. The waveform, however, may not be as useful 
clinically as the waveform of the ECG, due to the inconsist­
ency of the waveform from subject to subject. The study of 
the low frequency components of the activity may have some 
clinical value. Berbari and his co-worker (1976) have 
reported AHEs with a frequency range of 20 to 300 Hz. The 
waveforms of the G conçlex in their panel have reasonable 
consistency from patient to patient. However, there is 
still more variability than is normally found with ECGs. 
Their results substantiated that the lower frequency compo­
nents have a possible value for the diagnosis of problems 
that are peculiar to the His-Purkinje system. The drawback 
with the utilization of the low frequency component is that 
it vignettes the onset of the G complex which is essentially 
the ultimate purpose of the conventional invasive HBE. The 
achievement of both purposes, a clear onset and a consistent 
waveform, contradicts each other as shown by our studies 
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as well as those carried out by other workers. Therefore, 
a con^romised solution would be to provide two high-pass 
filters which have different cutoff frequencies. This type 
of con^romise is readily observed in an ECG amplifier which 
has two cutoff frequencies, one which is used for "diagnosis" 
and the other primarily utilized for monitoring; the diag­
nostic mode has a wider frequency range for the examination 
of precise cardiac activities. 
Electrode position also makes a significant contribu­
tion to the consistency of the waveform. The conventional 
chest lead is not necessarily the best for recording His-
Purkinje activity. The appropriate electrode position for 
the ÂHE may not always give a synchronization point which is 
the most stable and nearest to the common bundle of His 
activity. In this case two sets of electrode position 
would be necessary, one for the AHE signal and the other 
for synchronization. The determination of the appropriate 
electrode position would require further study. 
When the averaging system is applied to a patient, the 
synchronization point must be appropriately selected. If 
the patient indicates the presence of a first degree heart 
block (Rosen et , 1971) or Wenckebach syndrome (Narula 
and Sanet, 1970), the disorder is probably located in the 
AV nodal region; thus, the synchronization point must uti­
lize the Q or R wave to elucidate His-Purkinje activity. 
If the patient has an AV dissociation, the origin may be 
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in the AV node or distal part of the common bundle of His 
(Narula et al., 1970a). If it is the case of a bundle dis­
order, the synchronization point must be proximal to the 
location of the disorder, the P wave for exançle. The P 
wave peak is generally difficult to utilize as a synchroni­
zation point due to its small amplitude. The esophageal 
lead is suitable for the close observation of atrial activ­
ity as it manifests a large P wave; however, this lead is 
not as convenient (nor acceptable from the patient's point 
of view) to use. 
The time interval between the bundle of His activity 
and a synchronization point for the ensemble averaging was 
found to be varying with each cardiac cycle. The deviation 
of some intervals is often close to the sampling interval of 
the conçuter system (0.2 msec) which has been selected for 
interval measurement. Thus it is certain that errors were 
involved in this measurement. The random errors were assumed 
to be minimized by the statistical procedure. In the calcu­
lation of the cross-correlation between the H-Q and Q-R 
intervals, 200 consecutive data points were taken into 
account with some data. All results were very close to those 
obtained by the use of 100 data points. The cross-correla­
tion of some data was calculated with T of 0 to ±6. It was 
found that the cross-correlations with T of more or less 
than 2 were virtually zero. The following facts may indicate 
that the error factor was almost eliminated by the 
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statistical procedure. They are (1) the inverse correlation 
between the H-Q and Q-R intervals is not limited within the 
cycle but extend to the preceding and following cycles ; and 
(2) both correlations (x = ±1) are the same in sign and have 
almost the same value. These results would not be obtained 
if the random error was dominant in the data or a specific 
error existed in one cardiac cycle. 
The physiological aspects in regards to the inverse 
proportionality between the H-Q and Q-R intervals were not 
considered in this paper. If it is a reasonable assumption 
that the common bundle of His and the distal conduction sys­
tem have similar characteristics in regards to the propaga­
tion of induises, the inverse relationship must exist in the 
ventricular muscle cells, since the Q and R waves are the 
results of the activity of the muscle cells. The validity 
of the observed relationships on the conduction velocity 
must rely on future physiological investigation. 
The modeling of the H complex provided additional 
information from the HBE recordings. The calculated results 
revealed that (1) providing that one of the ring electrodes 
of the bipolar electrode is far from the conduction bundle, 
the H conçlex is biphasic; (2) with normal electrode posi­
tion, the complex is triphasic; and (3) the bandpass filter 
utilized in the data acquisition system distorts the con#lex 
resulting in a quadriphasic waveform. The validation of the 
nonlineality of the conduction velocity inside the common 
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bundle of His requires precise examination by means of intra­
cellular electrodes. 
As a conclusion, the noninvasive method discussed in 
this paper has a reasonable feasibility of determining the 
initiation of the G complex, which was originally achieved 
only by an invasive method, requiring catheterization of the 
heart. Therefore, this noninvasive approach to the examina­
tion of the His-Purkinje system is closely comparable to the 
conventional catheter method. The noninvasive method appears 
to offer more useful information than the invasive one 
because the G complex may reflect activity not only in the 
initial part of the common bundle of His but also in the 
ramifications of the bundle of His. The activity of the 
ramification region is not easily obtainable by the invasive 
method due to the physical structure of the heart. However, 
as shown in this paper, the G complex is not sufficiently 
consistent to be of immediate use for the diagnoses of all 
pathological problems. The lower frequency components of 
the G complex must be further investigated to achieve full 
practical application of the system. 
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IX. APPENDIX A: BLOCK DIAGRAM OF THE AMPLIFIERS 
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X. APPENDIX B: A POSTERIORI WIENER FILTERING 
The transfer function of a Wiener filter for evoked 
potentials may be obtained as follows. Providing that S(s) 
is the power spectrum of the input time function X(t), then 
the transfer function is 
N = number of averaging 
S_(s) = power spectrum of ensemble averaged X(t) 
S^(s) = ensemble average of S(s). 
If the filter is applied to an averaging (N times) 
evoked potential, it must be 
H(s) -
1 N-S-(s) 
1 
X 
where 
N-Ug(s) 
= N-Ug(s) +U^(s) 
where 
UgCs) = grr [N'S%(s)- S^cs)] 
U„(s) = S^(s) - n,(s) 
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APPENDIX C: FLOWCHART FOR ADJUSTED AVERAGING PROGRAM 
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CONSTANTS 
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XII. APPENDIX D: PROCEDURE OF DATA 
COLLECTION AND ANA^.ZATION 
The data (ECG, HBE, MCG, and raw signal of AHE) were 
obtained according to the following procedure. The instru­
ments and the setup are described in Section 4, Chapter III. 
1) Weigh and anesthetize the dog. 
2) Intubate, clip the cervical area, and scrub the area. 
3) Position the dog on a surgical table. 
4) Calibrate pressure transducers (Beckman Type, 
4-327-0121) which are connected to the electrode 
catheter. 
5) Attach ECG surface electrodes on the subject. 
6) Incise the cervical area and expose a jugular vein 
approximately 3 cm in length. 
7) Tie the proximal and distal regions of the exposed 
vein with rubber bands to temporarily stop the blood 
flow. 
8) Incise the vein and canulate the catheter loosing 
the proximal band. 
9) Observing the blood pressure recordings (Beckman 
R611), insert the catheter until thé recordings on 
both channels indicate the distinctive ventricular 
pressures. 
10) Pull the catheter back slowly until the pressure 
taken by orifice 2 of the catheter indicates atrial 
pressure. The other channel should still indicate 
ventricular pressure. 
11) Observe HBE obtained by the ring electrodes which 
are placed at the end of the catheter. 
12) Adjust catheter placement until the H complex appears 
between the A coiq)lex and the V complex on the HBE 
recording. 
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13) Once the H complex is obtained, stabilize the 
catheter. 
14) Adjust the amplitude of the data within +1.0 V 
utilizing a storagescope (Tektronix 564). 
15) Record data on tape (Ampex FR-1300), closely observ­
ing signals on the storagescope. 
The AHE was obtained by averaging the raw signal of AHE 
with a PDP-LAB 8/e. The program was entirely created by the 
author with assembly language. The analysis of intervals 
between distinctive peaks on the electrograms was also per­
formed with a program written by the author. The frequency 
component of the AHE was analyzed by a program made by the 
author with a subroutine of FFT (DEC 8-143). The detail of 
the program of the signal averaging and the flowchart are 
described in Section C, Chapter III and Appendix C, respec­
tively . 
